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INTRODUCTION

Electron bombardment ion thrusters are presently being considered

for use in deep space probes and for satellite stationkeeping functions.

These devices which have the advantage of very high specific impulses
also have the attendant disadvantage of low thrust densities. This low
thrust characteristic necessitates thruster operation for long periods
of time in order to accomplish typical missions (of the order of 10,000
hours). Thruster lifetimes can be Timited by the erosion of ion
chamber component parts with most of this erosion (or sputtering dam-
age) being caused by doubly charged ions. Long thruster Tifetimes
therefore require control of doubly charged ion densities.

Many experiments could be performed to determine how the thruster
should be operated so that thruster performance would be good and the
doubly charged ion density would be reduced to an acceptable level.
However, these experiments would have the disadvantage of being time
consuming and costly and the results might be applicable to one size
and type of thruster only. Instead a theoretical model could be de-
veloped which would accurately predict the doubly charged ion density
over a wide range of conditions and thruster sizes. This model could
be applied at low cost to determine the factors affecting the doubly
charged ion density and how they should be adjusted to reduce the
double jon density. It should also indicate what effects these changes
would have on thruster performance. Such a model has been developed
for electron bombardment ion thrusters and has been verified experi-

mentally for thrusters which use mercury propellant. A discussion of

the model's development and verification is presented in this paper

along with some results and conclusions based upon the model.
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THRUSTER OPERATION

Many of the assumptions and approximations used in the development
of the model are based upon a knowledge of thruster operation. This
section will briefly discuss thruster operation so that the develop-
ment of the model in the next section will be more easily understood.

An ion thruster has two basic tasks to perform:

1) Ionization of the neutral propellant atoms.

2) Acceleration of the ions to high velocities producing thrust.
These two topics will form the basis for the discussion of thruster
operation.

Figure 1 shows a schematic for a typical electron bombardment ion
thruster. The specific type shown has a strongly divergent magnetic
field which is presently the most common type. However, the operation
of all types of electron bombardment ion thrusters is very sim11ar(])
Electrons are emitted from the cathode and are drawn toward the anode
which is biased 30-40V positive with respect to the cathode. Thesc
electrons (called primary electrons) are injected into the primary
electron region with an energy slightly less than that associated with

the 30-40V anode voltage. Electrons in this region are kept from going
immediately to the anode by a magnetic field set up between the cathnde
pole piece and the anode pole piece but collisicns eventually facilitate
electron diffusion across these magnetic field lines so that they can
be collected by the anode. As a result of the magnetic field contain-
ment the electron density is much higher (=10'icm=") within this region
than it is outside of it. The primary electron region's boundary is
defined by the surface of revolution of the critical (magnetic) field

line and the screen qrid. Because the strenqth of the magnetic field




el T I e TR T o
AT | .

3
ANODE POLE ;
MAGNET PIECE * ]
/ ‘
N/ A4 ‘;
*
/i J
/s e
CRITICAL . 1 ‘
. FIELD LINN/’ i -
- ) '
-
CATHODE e Ei
o
[ :: ’
yd PRIMARY I |
ELECTRON ELECTRON [ ION BEAM > >
| FLOW REGION i ;
\ Il
CATHODE ' i
POLE — |~ \\\\ ! |
PIECE I 3
N
. . ';
S~
PROPELLAN SCREEN ' ACCELERATOR ,
GRID \_IF——GRID ,1
/\_,/ N\ j
‘\ANODE
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is fairly low within it, a fairly uniform electron density exists

throughout the entire region.

Neutral propellant (e.g. mercury) is injected into the upstream
end of the discharge chamber at low pressure (10~* torr). Most of the
interactions between electrons and neutral propcilant atoms take place
in the primary electron region because higher electron densities and
energies exist there. Electrons bombard the neutral atoms occasionally
knocking an outer shell electron loose from the atom forming a singly
charged ion. The production of a mercury single ion requires more than
10 eV of energy from the incident electron. This electron and the
ejected electron then share the remainder of the energy which the in-
cident electron carried originally. This reaction results in the re-
placement of one high energy electron with two lower energy electrons
which rapidly randomize with similarly generated electrons to form a
Maxwellian electron group. Ions are extracted from the plasma through
holes in the screen and accelerator grids as a result of the large po-
tential difference applied across these two grids. The rate of ion
loss through the grids times the ionic charge is called the beam
current.

Electron bombardment of atoms and ions also produces doubly
charged ions. Many of these ions are extracted from the discharge
chamber by the grids, however, some of them go to the walls. As ions
near the walls (the cathode pole piece, screcn grid, etc.) they are
accelerated to high velocities by an electric field that exists at the
plasma boundary. When these high velocity ions strike the walls they
can knock atoms loose (sputter atoms) from the walls of the discharqe

chamber. The energy that doubly charged ions possess upon striking the
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walls is twice that of singly charged ions, therefore the sputtering
damage caused by a double ion is much greater than that caused by a
single ion. Double ions are thought to cause most of the sputtering

damage even though their density is typically an order of magnitude

less than that of the single ions.
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THEORETICAL MODEL

Introduction
In order to develop a simple model for determining the double ion N

density in the discharge chamber only those ionic and atomic species

which were considered significant in determining the double ion density |
were included. The significant species were selected as those which H
have substantial electron impact cross sections of formation over the |
electron energy range of interest so that large numbers of these ex-

cited atoms or ions will be produced. These states also have suffi-

4

;

-

ciently long effective lifetimes sc that they can participate in pro- ;1

duction processes before they decay. Only those reactions which lezad

directly or indirectly to the production of double ions were incluaad, 5

Figure 2 is a discharge chamber reaction schematic showing these §

dominant species and the reactions in which each specie can participate. : i

The model has been developed for thrusters using mercury propellant but
the general procedure is valid for thrusters using other propellants.

The symbols used in Figure 2 represent the following species: | 4

Hg~ =~ neutral ground state mercury

HgW - metastable neutral mercury (63P; and 67P, states)

Hg' - resonance state neutral mercury (63P, and 61P, states)

Hg - singly ionized ground state mercury

}g"ﬁ - singly ionized metastahble mercury (6”Dz/, and 6705/, states)

1
Hg++ - doubly ionized ground state mercury ;
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The arrows in Figure 2 indicate the various interaction routes
considered in this analysis. Three different types of reactions are
indicated in this fiqgure. The first type of reaction occurs when an
electron interacts with an atom or ion producing a more highly excited
specie. This reaction is indicated in Figure 2 by an arrow going from
one specie to another more highly excited specie (e.g. the produc.ion
of double ions from single ions). The production of a highly excited
specie also represents a loss mechanism for the less excited specie.
The reverse reaction in which, for example, an ion captures an electron
is improbable because the reaction requires three bodies to simultane-
ously collide.

The second type of process is that of an atom or jon guing to a
plasma bourdary. Such a boundary could be either the discharge
chamber wall on which the atom or ion would be de-excited or it could
be a grid aperture in which case the atom or ion would be extracted
from the discharge region. In either case this represents a loss rate
for any of the excited states. These losses to the boundary are in-
dicated in Figure 2 by the dotted 1ines to the wall of the chamber.
The large arrow back to the neutral ground state represents the
resupply of neutral ground state atoms either from the walls or from
the propellant supply system.

A third type of reaction shown in Fiqure 2 is relevant only to the
two resonance states. The resonance states differ from metastable
states in that they have a very shovt fifetime before they de-excite
spontancously by cmitting a photon of light. However, the cnerqgy of
this photon is such that it is readily absorbed by a nearby neuatral

ground state otom producing another resonance state atem,  Since the

..h‘—- t‘k\x .

A

Lo A e e



- 1

UREEENINL T SN FFN]

transport time of the photon is small compared to the excited state
lifetime the excited state can be considered to exist continuously.
Eventually the photon can diffuse to a boundary where it will be lost;
this is equivalent to the loss of a resonance state atom. This loss
mechanism is represented in Figure 2 by a dotted line conveying a
photon to the wall and a branching line going from the resonance atom
to the neutral ground state atom.

Figure 2 also shows the dominant routes for the production and
loss of all of the excited atoms and ions considered. For example,
ground state single ions can be produced as a result of electron
bombardment of neutral—ground-state, resonance state, and metastable
state atoms and these single ions can be lost as a result of single
ion migration to the plasma boundary and the production of metastable
single ions and double ions by electron bombardment.

When equilibrium conditions exist in the discharge chamber the
rate of production of each specie must equal its loss rate. If, for
example, the production rate of single ions increases, the single ion
density must also increase to keep the loss rate (which is directly
proportional to the singie ion density) equal to the higher production

rate. This example illustrates the fact that the equilibrium density

of any specie is determined by the associated production and loss rates.

If equations determining the production and loss rates could be de-
rived, these equations could then be solved for the equilibrium density
of any specie under consideration. The remainder of this section is
concerned with deriving equations for the production and loss mech-
anisms indicated in Figure 2 and then solving these equations for the

equilibrium densities of the various states.
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Electron Bombardment Reactions

The first reaction to be considered is the one which produces ex-
cited atoms or ions by electron bombardment from less excited atoms
or ions. The total rate of production of any specie y from specie a
(and hence the loss rate of o due to this reaction) is given by:

E=w

RZ ) £1asma Volume £=0 a OZ(E) ve(E) dned¥' )
where Ny is the density of specie o« at some point r in the plasma,

o' (E) is the cross section for the production of y from a at the elec-
tron energy E(Z’G), Vo is the electron velocity at energy E, dne is the
density of electrons with energies between E and E + dE at ?, and d¥
is the infinitesimal volume element. The distribution of electrons

over the energy spectrum of an ion thruster was assumed to be composed

of a Maxwellian electron group which is described by a temperature

(me -- eV) and a density (nmx -- ¢m™3) and a monoenergetic group

(primary electrons) which is described by an energy (Epr -- eV) and a

density (npr -- cm=3). This type of electron distribution is generally
(1,7)

accepted as appropriate for electron bombardment thruster plasmas.
Substituting this electron distribution into Equation (1) and com-

bining terms to form new functions results in the following equation.

Y = Y Y
where
Y . - - A
P o) = Yolrpe) ) (3)
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and ()
E=w dn_ (E
Y - Y nx
Qa( mx) = é=0 OQ(E) Ve(E)'—_ﬁ;;_" . (4)

”[dnmx(E)/nmx]" is the Maxweliian distribution function and the other
terms are as defined previously.
Where possible the cross sections (ol) required for Equations

(3) and (4) were selected from experimental data.(2’3’4)

If experi-
mental data were not available, theoretical cross sections were either
obtained from the 11terature(5) or calculated using the Gryzinski
approximation.(s) The Gryzinski approximation was modified for the
cases of the metastable single ion production cross sections to re-
flect the significant value of the cross sections near the threshold.
The cross sections used are presented in Figure 3 along with references
indicating their origin.

Using integral equations 1ike Equation (2) in the model would be
inconvenient because it would then be very difficult to solve for the
density of specie « (na) since na appears within the integral. For

this reason it would be desirable to convert Equation (2) into a simple

algebraic equation. Fortunately the plasma is fairly uniform in the

primary electron region which is where most of the reactions take place.

This suggests using average properties in Equation (2) to obtain the
following result.

Y - * * Yr.
R\,l nt |:npl" pq(‘\’pr‘

QT )] ¥ (5)

The asterisks indicate volume averaged quantities and ¥ is the volume

of the primary electron region.
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In order to use Equation (5) to evaluate all of the production

* * * *
rates the volume averaged plasma properties ("pr’ Nox * Epr. me)

be determined. Comparing Equations (2) and (5) the following defini-

must

! tions of the volume averaged properties must apply.

* * Y * - %

Ny Mor Pa(gpr) ¥ 6o1umen“ Moy Pa(gpr) d¥ (6)
- * * Y * _ Y

Mo Mmx Qa(me) ¥ =] Mo Mmx Qa(me) d¥ (7)

Volume

These two equations show that the volume averaged plasma proper-
ties will be weighted in some manner. In order to evaluate the
integrals, species o and y must be chosen. The only specie density
(na) that can be determined readily is the single ion density because
plasma neutrality requires it to be approximately equal to the electron
density. Specie y must also be chosen in order to determine what PZ and
QZ to use, Figure 2 shows only two choices are possible--the singly
ionized metastable states and the doubly ionized ground state. Since
the whole purpose of the model is to determine the double ion density,
specie y was chosen as the doubly ionized ground state. Using these
choices for species o and vy, Equations (6) and (7) were rewritten in
the following form where the electron density (ne) has been used to

approximate the single ion density.

Xk 44, K ++

g = n f d¥ 8
"e "or Py pr) ¥ éolume e 'pr Py (*pr) (8)
* * ++, % ++
non (T ) %=1 non. Q(T.) dv (9)
e mx ‘4 mx Volume e mx ‘+ mx

U SR
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*
pr
) were defined as shown

The volume averaged values of the primary electron energy (¢

)

*
and the Maxwellian electron temperature (me

in Equations (10) and (11). These definitions were chosen because they
give reasonable values for the properties involved (i.e. these volume
averaged values can't be greater than the peak values, which was
possible with some of the other definitions).

++
f Ne Mpp Py (£,) 0¥

+4+, *
P r) . Volume (10)
P f ng n . d¥%
Volume P
++
n.n_.Q (T ) d¥
Q++( * ) = Jolume e mx 4 " mx (1)
Tomx n.n__ d¥

&o]ume & mx

Equations (8) - (11) along with Equation (12), which says the volume
averaged electron density is the sum of the volume averaged primary
and Maxwellian electron densities, can be combined to obtain the

following definitions of the remaining volume averaged plasma

properties.
_ * *
Ne = Mor ¥ Mo (12)
1
n. = n’ odv | /¥ ¢ (13)
[éolume € ]
n n__ d¥
n* 6olume ¢ br (14)
pr H n, dv]w'
olume
n o d¥
* 601ume & X ,
e e T (15)
mx [ n. dy V“I
[Vo]ume : ]
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This concludes the mathematical development for electron bombardment
reactions.

The volume averaged plasma properties must be evaluated in order
to use Equation (5) to calculate the production rates. The plasma
or? Nix? gpr, me) are measured at many points inside the
discharge chamber by a Langmuir probe. This data is then used to

properties (n

evaluate the integrals in Equations (10), (11) and (13)-(15) numerically

yielding the needed volume averaged plasma properties.

Migration Losses
The second type of process to be considered is that of an excited

atom or ion going to the plasma boundary. The eguation for the plasma

boundary loss rate of a specie o« is given by:

R 7 é]asmgabganggry (1e)
where n, is the density of specie a at the boundary, v, is its average
velocity toward the plasma boundary, and dA is the infinitesimal area.
For neutral particles assumed to have a temperature equal to the dis-
charge chamber wall temperature and having a mass "mo" the average
velocity toward the boundary (vp) is equal to one-fourth the average

thermal speed

where k is the Boltzmann constant.

N
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For ions this velocity is determined by the Bohm criterion(a’g)
and is given by
T .q n
vy = V/ _mx (1 + _Iﬁl) (18)
q my Mnx

where q is the ion charge (coul) and m, is the ion mass (kg), and
me, npr and Nnx 2re as defined previously.

Since the integral equation used to define production rates has
been reduced to an algebraic equation in terms of average properties
Equation (16) should also be simplified in this manner. Because the
migration loss is a surface phenomenon, however, it is necessary to use
surface averaged densities and velocities based on surface average

properties to obtain

R =n>vSA (19)

La o o
where A is the total surface area of the primary electron region and
the superscript "s" designates values based on surface averaged prop-
erties. Equation (19) could be made more convenient for use in the
model if it were based on volume averaged properties as Equation (5)
is. Equation (19) was for this reason rewritten in terms of volume

averaged densities as follows
_ * * A "
Ry, =n, v, AF (20)

*

*
‘'n__) and FJ is a plasma uniformity factor given

*
where v s vq(me. Mor/ Px

by Equation (21) which relates the volume and surface averaged

density-velocity product.
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*x % * ok
Ny Vo o Va
F = = (21)

oSS fn v dA /A
(64 (6 o ¢
plasma boundary

This concludes the mathematical development for the migration

loss of excited species, but some additional discussion and quantifi-
cation of the uniformity factor Fa is necessary before it can be used
in Equation (20). The evaluation of Fa for neutral excited states is
difficult because it is difficult to measure their densities. The
migration of excited neutrals to the plasma boundary is however a
minor loss mechanism compared to the losses due to the conversion of
neutral excited atoms into single ions. Therefore Fu for neutral ex-
cited states can be set equal to unity without introducing a signifi-
cant error into the total loss rate calculation. In the case of ions,
however, migration to the boundary is a major loss mechanism and Fa

must be evaluated in order to obtain accurate results. For the singly

ionized ground state the approximation, n_ = Ng»s can again be used in

order to evaluate FJr using Equation (21). The uniformity factor for

the singly ionized metastable states was set to unity since these states

have a very minor effect on the double ion density. The determination

(10)

of F,., is based on the observation that the volume averaged double

++
*
ion density (n++) is proportional to the volume averaged electron
* .
density squared (ne)ﬁ. It has been assumed that this proportionality

holds locally and this results in the following definition of F++.

() v,

n_) v

B e ++ 5

F,, = e Ty (22)
[ n vy, dAd /A

plasma bounddry
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Photon Diffusion Losses

The third type of process to be considered is the loss of res-
onance state atoms due to photon diffusion %o the walls of the dis-
charge chamber. From diffusion theory the rate of photon loss across
any plasma boundary and hence the rate of resonance state atom loss by

this mechanism is given by the equation

Ry = | DAnp dA = DA[Anp] . (23)
plasma boundary

In this equation np is the photon density and D is the photon diffusion

coefficient which is given by

D= —t— (24)

2
3T(n00c)

n. in this equation is the average lifetime of the resonance state
atom, n; is the neutral ground state atom density, and o is the cross
section for absorption of the photons by neutral ground state atoms.(]])
The second equality in Equation (23) reflects the fact that average
properties are being used in this analysis. The photon density has
been assumed constant up to a point one photon mean free path from the
boundary. From this point the density is assumed to decay linearly to
zero at the boundary. This assuription yields the following conserva-

tive estimate for the photon loss rate

*

R?r = DA np /Cf (25)

where i is the mean free path for photon absorption (~;f+o . This
n -
0 C
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approximation is valid when the photon mean free path is much less than
the characteristic dimension of the plasma, a condition that is readily
satisfied for this case where the photon mean free paths are very small
(if < .1 cm).

Since the neutral density is assumed uniform over the discharge
region the photon density profile is similar to the resonance state
atom density profile and the following approximation between the photon

and resonance state atom density at any location in the plasma applies:
n.=n_=6 . (26)

5 1s a proportionality constant that can be thought of as the ratio of
the probability that a photon will be "free" in the plasma to the prob-
ability that it will be "bound" forming a resonance state atom. This

ratio of probabilities can also be expressed as the ratio of the

average lifetime of a free photon (- l ) to the resonance state atom
CNyae
lifetime (v). Therefore, i is given by:

R T (27)

where ¢ is the speed of light and the other quantities have already
been defined. Combining Equations (25), (26 and (27) one obtains the
following equation for the loss rate of resonance state atoms due to

photen diffusion:

T S




Determination of Specie Densities

The equations derived so far in this section can now be combined
to determine the equilibrium density of each specie included in the
model. Equations of the form of (5) and (20) -- and (28) for the case
of resonance state atoms -- along with the values for the volume
averaged plasma properties and the plasma uniformity factors can be
used to determine the rates of production and loss for each specie in
the plasma. The steady state density of these species can then be cal-
culated by equating their total production rates to their total loss
rates. For example, the 63, metastable atom density is determined by
equating the production rate of this metastable atomic state from
neutral ground state atoms to the sum of the associated loss rates due
to 1) migration to the wall, 2) production of single ions, and 3) the

production of double ions, that is

* ok
* * * * n_v_ A
n [n m m _.m'm
Y [ pr po(gpr) ¥ nmx 0 mx)] ¥ Fm
(29)
+ * * + * _* ++, * *
tn [npr m( pr) * Mhox m( mx)] ¥ [“pr Pm (ﬁpr) mx Qm (T )] ¥

Solving this for the metastable atom density ratio one obtains

* *
n v
m_prp* m * * G
R [npr Polipe) + My 0 o mx)] / {#JA Fr + Ingy P
’ (30}
* .
HC SRR O G IS

Mmx prm ‘pr- mx ‘m mx

* *
where " is the volume average metastable state density and Vin is the
average velocity of metastable neutral atoms toward the boundary. A
similar type of equation can be derived for each of the other excited

states but they are all as complex or more complex than Equation (30),

.
|
,
A
H
A
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For example, the equation for the doubly ionized ground state density
has eight terms in the numerator. Each of these terms has the same
form as the bracketted quantities in the numerator of Equatiorn (30).

The quantity ¥/A in the denominator of Equation (30) has an in-
teresting physical interpretation. It is contained in a term which
represents the loss rate per unit volume of metastable state atoms to
the plasma boundary. This term shows the manner in which the size and
shape of the primary electron region enters into the model. For a
large thruster ¥/A will be large and an ion or excited neutral must, on
the average, travel great distances to reach the plasma boundary, and
so the loss rate per unit volume of these species will be small. For a
small thruster ¥/A will be small and on the average the ions and ex-
cited species are near the boundary and can reach it readily resulting
in a large loss rate of these species per unit volume.

At this point only the relative density of each excited specie
(n:/n;) can be calculated. However one additional fact can be added to
the model, the requirement that the plasma be neutral (i.e., n;

* *

*
=n, +n_, +2n

+ m+ ++). This requirement when added to the relative density

equations of the ionized states implies unique single, metastable single
and double ion densities. These in turn imply a unique neutral atom
density and hence a unique density for each specie considered in the
analysis. One must however iterate to arrive at these densities be-
cause a neutral ground state atom density must be assumed initially to
determine photon loss rates from Equation (28). At the conclusion of
the analysis then the calculated qround state atom density must aqree

with the assumed value.

.

e
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A computer program has been written which calculates the densities

of all the species considered in the model. The densities are calcu- !

e et

lated by using relative density equations similar to Equation (30) and S
the plasma neutrality condition. The input needed to make these calcu-

lations includes the volume averaged plasma properties, the plasma .

. "“‘ P

uniformity factors and the volume-to-surface area ratio of the primary

—_

electron region. A 1isting of this computer program entitled "HG" is

included as Appendix A.
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EXPERIMENTAL PROCEDURES AND RESULTS

The model developed in the previous section will predict the
specie densities if the volume averaged plasma properties, uniformity
factors and geometric quantities, which are collectively called the
input parameters, are known. In order to verify the accuracy of the
model, data must be gathered so that the model's input parameters can
be determired. These input parameters can be used by the model to pre-
dict the specie densities which can then be compared to the measured
densities to determine the model's accuracy. The model's accuracy has
been determined by comparing the measured and predicted double jon
densities since the double ion density is the model's main concern.

In order to test the accuracy of the model over a wide range of
conditions data were used from different thrusters and operating con-
ditions. The 15 cm diameter SERT II thruster was operated with two
different grid sets and at three different power levels in eacih of
these configurations. Data were collected at each condition allowing
the accuracy of th: model to be verified at six different points. Data
for the 30 cm diameter thruster were also obtained from Hughes Research

Laboratories(]z)

so that the model could be verified over a wider range
of thruster sizes, confiqurations, and operating conditions. Both
thrusters have strongly divergent magnetic fields. Their general con-
figuration and manner of operation have been des:.ribed in the "Thruster
Operation" <ection. More detailed thruster specifications, etc. are
available in the literature.(q’ 13, 14)

The data qathering procedure for the 15 . thruster will he used

to illuctrate the qgeneral manner in which the needed data wre obtained.
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Before the gathering of data could begin thruster operation and flow ‘
rates were kept stable for approximetely thirty minutes. This insured 1
thruster conditions would change 1ittle in the twenty minute period i
during which the data were obtained. Table I Tists the conditions and ;
configurations at which the 15 cm thruster was operated at C.S.U. along "}?
with those for the 30 cm thruster as obtained from Hughes Research Lab- i
oratories. This table indicates the changes in configuration for both

thrusters resulted from using different grid types. The SERT II grids,

listed in Table I, are flat grids with hole diameters of =.4 cm and in
operation are separated by a gap of .23 cm. The high perveance dished
grids are dished slightly to prevent the grids from shorting during
operation due to their thermal expansion. Their hole diameter is
smaller (.25 cm) as is their separation gap (.079). More detailed

specifications for the two grid types can be found in Reference 9. The

EM (Engineering Model) grids are similar to the high perveance dished
grids described above. The SHAG (Small Hole Accelerator Grids) grids
have an accelerator hole diameter that is =70% of the EM grids' accel-
erator hole diameter. This smaller hole size reduces the Toss of
neutral propellant. These two grid types are described in more detail
in References 15 and 16. Table I shows, for example, that the 15 cm

thruster with the SERT II grids was operated at one condition where the

s e Rt it Al o bkt s

amount of current collected at the anode (1 ) was 1.7A, while the

arc

voltage difference between the anode and cathode (V.. ..) was 37.2 V and

arc

the ion current through the grids (I ) was 0.258 A.

beam i
The values of the volume averaged plasma properties and the uni-
formity factors must be known in order to calculate the theoretical

double fon density. In order to determine the values of these average

-

T T .
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Table I

Thruster Sizes, Configurations and Conditions

Ty W TRy T e - T ST T

Thruster Grid Type Anode Anode Ion Beam Mass Flow

Diameter Current Volitage Current Rate
(cm) (Tape=-A) Vape= V) (Tpeay=A) ()
15. SERT II 1.00 33. .180 310

- 15. SERT II 1.70 37.2 .258 .307 '

15. SERT Il 2.05 42.6 272 .308
15. Dished 3.02 32.2 L4393 735
15. Dished 4.06 37.5 .654 725
15. Dished 4.13 40.4 .622 .650
30. EM 5.0 37. 1.0 1.25
30. EM 7.5 37. 1.5 1.76
30. EM 10.0 37. 2.0 2.29
30. SHAG 9.5 30. 1.5 1.74
30. SHAG 11.7 30. 2.0 2.30
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plasma properties, the primary and Maxwellian electron densities and

energies must be determined everywhere in the discharge chamber. The
plasma properties at some point in the plasma can be measured using a .
Langmuir probe and analyzed using the procedure described in

Reference 17. The plasma properties at sixteen different points in

the plasma were measured, for each 15 cm thruster condition listed in |

Table I, using the movable Langmuir probe and associated circuitry ’ ;
described in Reference 18. The results of a typical survey (15 cm J
thruster - SERT II grids -37 V anode voltage)are plotted in Figure 4. f
This figure shows the spatial variation of the Maxwellian electron &
temperature, primary electron energy and the primary and Maxwellian P
electron densities in the discharge chamber. The Maxwellian electron : - 4
temperature is seen to average approximately 9 eV over the primary

electron region defined by the critical field line while the primary R
electron energy averages about 30 eV. The average Maxwellian electron '
density is about 10'lcm=* while the average primary electron density b
is approximately 10'%cin* over the same region. The electron densities 7
and energies are seen to be fairly uniform in the primary electron :

region but drop off rapidly outside this region. Using data similar to
that plotted in Figure 4, Equations (10)-(15) and (21) were evaluated

numerically by the computer program "PROP" (listed in Appendix B) to

obtain the volume averaged properties and uniformity factors for eacn
case. The results are listed in Table Il along with the volume-to-
surface area ratio of the primary electron reqgion (¥/A) and the
thruster operating specifications which are reproduced from Table I. :
The averaqge values which resulted from an examination of [iqure 4

(T

i 9 eV, 'pr 30 eV, n_ 10 em= o, N 10 em™ Y are seen to
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agree well with the volume averaged values listed in Table II

(1"

* * *
= ¢ = 29 .6 = ) em=" =
I 9.1 eV, “or 29.6 eV, Mo 8.4 x 10em=*, npr 7.0 x

10%em=2). F,_ and F,.» which are defined as the ratio of the volume
average ion flux to the average flux at the surface of the primary
electron region, are seen to have values of 2.1 and 2.5 respectively

for the case being discussed. The average plasma properties listed

in Table II are observed to cover a wide range in plasma conditions;

a situation which is desirable for verification of the model.

The double jon density inside the discharge chamber must also be
determined. This can be accomplished indirectly by determining the
double-to-single ion density ratio (n_,/n.) in the discharge chamber
and the single ion density. The single ion density can be determined
with sufficient accuracy by equating the single ion density to the
electron density. The value of the double-to-single ion density ratio
can be determined from measurenments of the ratio of the double ion
current to the single ion current in the exhaust beanm (I++/I+), and
the equation

n,./n, = 'Jjj;~ff (31)
+4+ 4 ]+ 05 ’
The quantity 2v2 accounts for charae and Bohm criterion velocity dif-
ferences between double and single ions.
(19)

. Gttt .
The quantity "I /1" was measured using a mass spectrometer.

The methods used for data acauisition and analysis using such a device

are described in Reference 20 for the 15 cm thruster data and in
Reference 19 for the 30 wi thrusier. fThe results obteined are listed
in the last vow of Tahle 1. They daw for wranple, o double-te-single
fon current ratooo ot T o tee o ter = ERT T i - 370V
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anode voltage case. The general trend observed from these data is

that an increase in power input (Iarc times varc) for a certain

thruster confiquration results in an increase in the ratio I++/I+.
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RESULTS AND DISCUSSION

The values of the average plasma properties, listed in Table II,
are observed to vary over large ranges. Ffor example, the average
taxwellian electron temperature ranges from a low value of 3.3 eV to a
high value of 12.2. Similarly the average primary-to-Maxwellian elec-
tron density ratio varies from 0.02 to 0.50. This large variation is
considered sufficient to allow a general decision to he made about the
accuracy of the model. Comparisons of the experimental and theoretical
values of the double-to-single ion density ratio have been used to
verify the model's accuracy because this quantity (n++/n+) was de-
termined experimentally. The theoretical and experimental values of
the double-to-single ion density ratio are plotted as a function of
propellant utilization in Figures 5 and 6. The curves labeled
"THEORETICAL" result from predictions made by the model using the
"Input Parameters" listed in Table II. The curves labeled "EXPERIMEN-
TAL" result from measurements of the ratio I++/I+ made using the mass

spectrometer. The trends exhibited by the THEORETICAL an ' EXPERIMENTAL
curves are very similar and the agreement between the THEORETICAL and
EXPERIMENTAL values of the double-to-single ion density ratio is good
for plasma physics work with the average error being 3%. The maximum
error of 40% is observed at low double-to-single ion density ratios in
the 30 cm thruster. These error values indicate the model is accurate
over a wide range of plasma conditions and thruster confiqurations.
Since the model has been shown to be accurate in its predictions
of the double-to-single ion density ratio over a wide range of condi-

tions there is a distinct possibility that the specie densities and

.
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reaction rates used to predict the double-to-single ion density ratio
are also accurate, The remainder of this section will examine the
model's predictions of these specie densities and reaction rates.
These quantities are listed in Table III along with the thruster oper-
ating variables and the model's input parameters which were reproduced
from Table II,

The section in Table III titled "Calculated Normalized Densities"
lists the model's predictions of the normalized densities of the states
considered in the model where the normalized density of some specie is
defined as the specie density divided by the total heavy particle
density. The sum of the normalized densities for any thruster condi-
tion should therefore equal unity. Table IIT shows, for example, that
the 15 cm diameter thruster operating with SERT II grids at 37 V anode
voltage would be predicted to have 687 neutral ground state atoms, 19%
neutral resonance state atoms, 6.97 singly charged ground state ions
and .27 doubly charged ground state ions. The normalized density of
the single ions aarees fairly well in all cases with the 10% value

(1)

quoted as typical in the literature. As expected the neutral
ground state atoms are the most numerous.

These normalized density trends can be explained in terms of
variations of plasma properties. For example, the normalized single
ion density increases with increasing power input (Iarc times Varc) to
the thruster in all cases. This occurs because an incredse in the
values ot the volume averaged plasma properties causes the ratio of the

production rate of single ions to the total neutral density to inerease.

The increase in the ratio indicates a smaller total neutral dencity i

e

T



Sorrating bariables

.21 ulated Norrafrred

3
;

!
{
i
i

thrgster Crameter fom,

Greg type

Aroge Current i oA
Gu Lytrent igre A

Ancae asitage

arc

Eeg> (greent Ay R

“'bear
Mot Flow Fate & i

[lasra Tame to Lortface
Avey Ratin ¥ he.cri ]

Avergce Maoowellan Flecteer
praoratyre 10 .

ceed A
’

Average hl:’a',-!c-ﬂamelhan.

. s
Elertror Lersity Ratio J-r_ L s
Averane s:;—.,r, tlectrer
frerg e AR

Lnitee

ba.ter i .o

wertarmit, bacter F o

Masered O

lor Turrert Rateg Zod

“Seatral Ground Ltgte Atoms [

Yweutrai Metartable ttate Atome

Weutryl kesengnce
Girgly CRarced Groenc ttate lors Tk
seegly Trarges Metastatle jumn

Soully LRarged Grourd Ltate Lons ,

tra Groan

heotral Metsatatle “tates P .

Reatryi besesar.e “tates .

Pheateat perary
Pheutes) %etatatle tates [

eutrys e e Ltate (R

Parse  Metgrgtte

e sov gare the L e

te oot

Ctate A

36

Table 11}

Predicted Deosition and seatior Kates
S 4 - .
i i W 1 Y
LERT Mt BERGLANCE P wp
Vo o e 4o 4
e A6 (NN (R 4t
T A v "
e " o e
4 R P4 4
4 b 4 v
81 U e w4y s
S * 4 s bt ] H
1
A . s e,
. A . " -
. o L
' " .
it B B ' i
% ' .
e L i
‘
ng i v
'
[
e .
i
FUN [ et
'
. - i «
i
i
i
. . 4t .
4 » i i 4
* ¥ o ‘ 4 . K
!
' 1 i .
i

un i .
™ (R4 i
. '
|
L “ .
. b .
o] ’
. .
O] oo .
. vz
S I
. .
M N e
' t .

i
i i

ot . + .
h

: ¢ . .
P ‘ i “
\

!

i

| f .

i

i




P i A A |

needed to maintain a specified single ion density and so the normal-
ized single ion density increases as previously observed.

The last section in Table III shows the calculated production
rates for singly and doubly charged ions through the various inter-
mediate states. These production rates have been normalized by the
total production rate of the specie indicated. The fraction of the
associated interactions effected by the primary electrons is indicated
in parenthesis. For example, at the 15 cm thruster's 37 V, SERT II
grid operating point,59% of the single ions are produced as a result
of electron interaction with neutral ground state atoms and 28% re-
sulted from electron bombardment of neutral resonance state atoms.

The neutral ground state-to-single ionic state interactions were in-
duced by primary electrons 23% of the time and by Maxwellian electrons
the remainder (77%) of the time.

Thruster performance is determined primarily by the mechanism for
the production and loss of single ions. The production of these ions
is, according to this model, quite dependent on the neutral metastable
and neutral resonance states which are ignored in most other analyses.
The manner in which single ions are produced however differs a great
deal between the two thrusters. In the 15 cm thruster most of the
single ions are produced as a result of Maxwellian electron bombardment
while primary electrons are unimportant because of their low densities.
This indicates that for 15 cm thruster operation the primary electron
region is the important reactio. region because it is the region where
high densities of high energy Maxwellian electrons occur. In the 30 cm
thruster, however, relatively high primary electron densities exist and

since the Maxwellian electron temperaiure is low most of the single ion
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production results from primary electron bombardment. So for the

30 cm thruster the primary electron region is the important reaction
region because it contains high densities of high energy primary elec~
trons.

Table IIT indicates in all cases a large percentage of the double
ions are produced from single ions. This is as one would expect because
the minimum energy required to produce a double ion from a single ion
is 18.7 eV while 29 eV is required to produce a double ijon from a
neutral ground state atom. As the power input to the thruster increases
the number of electrons with energies greater than 29 eV increases
causing the relative importance of the neutral-to-double transition to
increase. The least energy is required for the production of double
ions via singly ionized metastable states, but the densities of these

states are so low that this production mechanism is unimportant.
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SIMPLIFIED MODEL

In the previous section it has been shown that most double ions
are produced as a result of electron bombardment of single ions. In
order to simplify the analysis of the "Theoretical Model" section the
other intermediate states for double ion production can therefore be
ignored with no significant loss in the accuracy of the double ion
density calculations. In the simplified model presented here the
approximation is made that the total rate of production of double ions
equals the rate of production of double ions from single ions. This
production rate is given by:

R S S
R =R =n, [npr P

The total loss rate of double ions is given by the equation
* *

R = Ny Var A (33)

e Fiot

Equating the Toss and production rates and then solving the resultant

equation for the double ion density one obtains

* ++ * * +4+ *
* [n. Po(e )+n  Q (T )1 ¥
n, = n: pr + gr mx mx (34)
Vs A
F

++
*

*
The approximation Ne = Ny can now be used and Equation (18) can be sub-

stituted for the double ion velocity to obtain the following equation.

L om A e o



* *

n n
r ++, * mx ++, %
;gﬂ # Cpp) * 5 Qo (T)
* %2 ¥-F e e (35)
Ner = Ne B T4t * R I
[Tox @ (1 # ng /ng, ) mg ]

The double ion density can now be determined for a given thruster
operating condition using this equation and the plots of P:+(gpr) and
QI+(TmX) found in Figure 7 if the volume averaged plasma properties

and the uniformity factor F __ are known. This equation will consis-
tently predict lower double ion densities than the complete model since
it ignores the production of double ions from neutral states and the
singly ionized metastable states, but this error should generally be
small. The error will be greatest for plasmas with high energy elec-
trons which can produce double ions directly from neutral states.

The last section of Table III can be used to determine the magni-
tude of this error for the 11 cases considered in this study. Since
the simplified model considers only the single-to-double transition the
error associated with this approximation can be determined from the
listed value of the percentage of double ions produced from single ions.
For example, for the 15 cm-SERT II grid ~ 37 V anode voltage case the
percentage of double ions producea from single ions is 78%. This means
that the value of the double ion density predicted by the simplified
model would be 787 of that predicted by the complete model. Examination
of Table III1 indicates the double ion densities calculated using the
simplified model will agree well with the complete model's predictions
for all the 30 cm thruster conditions because in these cases the per-

centage of double ions produced from single ions is greater than 97°.
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In each of these cases few electrons have energies in excess of 29 eV
(the minimum energy required for the neutral-to-double transition).

The simplified model will however, according to Table III, yield re-
sults which are generally low for the 15 cm thruster data (e.g. 30%
Tow for the SERT II grid - 42 V anode voltage condition) because in
these cases sufficiently high Maxwellian electron temperatures exist

to cause a relatively large percentage of the electrons to have energies
in excess of 29 eV.

The most accurate way to determine the values of the average plasma
properties required in Equation (35) would be to conduct a Langmuir
probe survey of the discharge chamber under consideration to determine
the plasma properties at many different points and to then use this in-
formation in Equations (10) to (15) and (21) to determine aver~ge plasma
properties. The collection of the plasma property data is however
costly and time consuming. For this reason average plasma property
correlations were developed. The correlating parameters used are com-

posed of thruster operating parameters (e.g. I__ ) and geometric

arc
properties (e.g. ¥/A). Using the Maxwellian electron temperature data
listed in Table III, for example, one obtains the correlation presented
in Figure 8. The terms used in the correlating parameter are defined

in Table IIT1. The correlating parameter used in Figure 8 was deter-
mined by trial and error. The shape of a curve through the resultant
data points was picked to match the trends observed in the data points.
For example, the slope of the curve in the neighborhood of the low
Maxwellian electron temperature points is seen to decrease. This agrees

with the trend observed in the data and also agrees with a prediction,

based on inelastic collisiun cross secticn data, which says a lower
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bound on the Maxwellian electron iemperature should exist roughly in
the neighborhood of 5 ev(]).

The correlation for the primary electron energy is shown in
Figure 9. The correlating parameter contains the quantity e which
is the corrected propellant utilization. The corrected utilization
was used in the correlating parameter, instead of the measured pro-
pellant utilization, because a better fit of the data points resulted
from its use. The propellant utilization (n) of an ion thruster
depends upon the plasma properties, the effective open area for the
loss of neutral atoms through the grids (Ao) and the effective open
area for the loss of ions through the grids (A+). The propellant util-
ization is defined by the equation

n, v, A+ i n., v_ A

+
2 ] - (36)
v, A+ + ot v0 K;' n, V. A+

n =
Ny

where Not is the total neutral atom density. The primary energy
(and other average plasma properties) of a given thruster correlate
with the propellant utilization as defined above, but correlation be-
tween grid sets having different values of the ratic AO/A+ is poor.

The problem caused by the utilization's dependence upon grid sets can

be corrected by eliminating the ratio AO/A+ from Equation (36) and then
substituting in its place the vaiue of the ratio AO/A+ for some stand-

ard grid set, The resultant quantity is the corrected utilization and

is defined by the equation

¢ n, v K: ’ 37)
standard
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The open area for the loss of ions (A.) from a thruster is proportional

to the open area fraction of the screen grid (¢S)(]). Equilibrium flow

theory(]) can be used to determine that the open area for the loss of

neutral atoms (AO) is proportional to the quantity (¢S ¢a)/(¢s t ¢a)
where ba is the open area fraction of the accelerator grid. These two

approximations can be used to define the ratio AO/A+ as follows

59. = (gé.;;%g_) / g = __jég___ (38)
s 'a % T 9,

[f Equations (36) - (38) are combined the following result is obtained,

¢ * ®a

T
‘ba

n.=1-.5(1-n)

c (39)

where the constant ".5" defines ¢a/(¢S + ¢a) for the standard grid set.

Figures 10-12 show correlations for the remaining input parameters.
These correlations were developed by trial and error in a manner similar
to that u ~d to obtain those in Figures 8 and 9. It should be noted
that the correlation in Figure 11 is for the quantity n;r[¥/A]'1'5 not
the primary electron density (n;r).

[t should be understood that the correlations of Figures 8-12 are
based on data obtained from strongly divergent magnetic field thrusters.
The average plasma properties predicted using these figures may be in-
accurate for other types of thrusters (e.q. multipole or radial field
thrusters). Therefore Langmuir probe surveys should be made for these
other types in order to obtain good estimates of the averaqge plasma

properties and hence accurate predictions of the double ion density.
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Application of the simplified model can be hest demonstrated

through an example. Consider a 15 cm thruster operating at the condi-

res

tions defined by the first section of Table IV. The corrected utili- .
zation (nc) is first calculated using Equation (39) and a value of
687 is obtained. Next the correlating parameters are calculated. For : ‘T

example, the value of the correlating parameter

Iarc Varc 2 1/3 -1/4 |
o) Vae  WA)
beam

. . vo1ts'533
used in Figure 8 is 8.3 7% . This value indicates the average
cm

Maxwellian electron temperature would be 4.6 eV. The remainder of the
average plasma properties were determined in a similar manner. The re-
sults obtained are listed in the second section of Table IV. Using the {
values of the primary electron energy and the Maxwellian electron tem- b
perature one can enter Figure 7 and determine PI+(22 eV) and QI+(4.6 eV).

These quantities, together with the average densities, the uniformity |

factor and the volume-to-surface area ratio for this thruster are then
substituted into Equation (35) to obtain the double ion density as i
shown in the last section of Table IV. The double ion density calcu- )
lated using the simplified model is 6.2 x 10’ cm™* while the value cal-
culated using the complete model is 5.2 x 107 ¢cm~", The major recson

: for the discrepancy is that the electron temperature in Table IV

, (4.6 eV) is larger than the value used by the complete model (4.3 eV).

. . 44, %
This higher electron temperature causes Q+ (T

mx) to be too large and

results in the over-estimate of the double ion density.

P S
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Table 1V,
Determination of the Double Ion Density Using the Simplified Model 1
Measured Thruster Variables 1
(15 cm Thruster)

= = , "

arc 3. amps ¢ .67 1
Varc = 32.2 voit 0 © .67 ;.
- Ibeam = ,499 amps ¥/A=1.4cm 1
n = .68 ;
K

nc = ,68 7
]

uﬁ

Approximate Plasma Properties
* -2 * 9 -3 _ q
me = 4.6 eV npr = 4,64 x 10° cm

* s = 3.51 x 1011 em? ']
gpr = 22, eV ng = BT x cm )
F,, = 2.55 ¥ = - n. = 3.46 x 101'em"3 ‘
- 2. Mox = Me = Npr = 3 X c ’d
i

i

!

i

Calculation of the Double Ion Density j

ne, = (3.51 x 101en™3)? (1.4 cm) (2.55) |
2 g ;

[9.6 x 109—— (4.6 eV) (1.013)]" |

sec”-eV
3 3
x [.013 (.55 x 1077y + 987 (.23 x 10-81-)] !

sec sec 4

6.2 x 102 cm=3
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An examination of Equation (35) will indicate some general trends
which should be considered in the design and operation of electron bom-
bardment thrusters. For example, the double ion density varies 1inearly
with the volume-to-surface area ratio. Therefore 1f two thrusters have
the same average plasma properties the larger thruster will have a
higher double ion density. Equation (35) suggests it would be desirable
to reduce the electron density since the double ion density is propor-
tional to the square of the electron density. However, making arbitrary
adjustments in the plasma properties to reduce the double ion density
may have an adverse effect on other aspects of thruster performance
which must also be considered. An examination of the effect of elec-
tron density on propellant utilization will indicate one of the effects

such an adjustment would have. The propellant utilization previously

defined in Equation (36), is reproduced below.

* v A /A
Not Vo Mo/Ms

n =1 e

ne Vs

(40)

*
The single ion density (n+) can be approsimated by the electron den3ity

*x *
(ne). The total neutral density (not) is the sum of the densities ot

all the neutral species and can be calculated using the equation

*

ot (41)

B * * *x + * *
- Ny (1 + nmt/no nrt/no)

* *
where 1y and n.p are the total metastable and resonance states den-

cities. The values of the ratios in fquation (41) can be calculated

ueing equations similar in form to Fquation (30). The neutral ground

State density can be calculated using the equation

T Y Tw T T T T N A
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*_ * * x
n, = Ny (no/n+) = n

*

e (ng/ny) (42)

where the ratio (n:/n:) again takes a form similar to that of Equation
(30). Combining these results into Equation (40) a result of the
following form is obtained. "f" is a function of the Maxwellian elec-
tron temperature,.primary electron energy, primary-to-Maxwellian
electron density ratio and the uniformity factor F.. The dependence
of the propellant utilization on the electron density and thruster

parameters is explicitly shown.

e N
nto T 0 ¥/A (Tix> Epr> Mpr/Mmx> Fe) (43)
e

One can see that a reduction in the electron density to reduce the
double ion density will also have the undesirable effect of reducing
the propellant utilization. However, if some changes in thruster de-
sign are made along with a reduction in the electron density the
propellant utilization can be held constant while the double ion den-
sity is reduced. For example, if a new thruster were being designed
one might double the volume-to-surface area ratio by making the
thruster larger than its predecessor. It could then be operated at
one-half the electron density of the predecessor allowing the propellant
utilization to remain constant while exhibiting half the double ion
density in accordance with Equation (35).

It might also be desirable to reduce the double ion density of a
certain size thruster while maintaining the same propellant utilization.
The propellant utilization could be held constant by reducing both the

ratio AO/A+ (which reduces the relative escape rate of neutrals) and

I W
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the electron density in a manner that keeps the ratio (AO/A+)/n:
constant. According to Equation (35) this would result in a large y
reduction in the double ion density which varies as the square of the ;
electron density. The data in Table III for the two 30 cm thruster j
configurations at 1.5 and 2.0 amps beam current can be used to de-
termine 1f theory and experiment agree for this method of doubie ion ;
density reduction. The only difference in these two thruster config- .

urations is the open area fraction of the accelerator grid. The EM

accelerator grid has an open area fraction (¢a) of 45% while the open

R

area fraction for the SHAG accelerator grid is 23%. Both sets have a

-3
Y N

69% open area fraction for the screen grid. The value of the ratio
AO/A+ can be calculated for both grid sets using Equation (38). For
the EM grids the ratio AO/A+ has a value of .39 while for the SHAG
grids the value of the ratio is .25. The change from EM grids to SHAG

~ P W

grids then allowed operation at a given propellant utilization to occur

at a lower arc voltage and hence a lower electron densities and energies

\‘lg

and as a result lower double ion densities. In this particular case

the double-to-single ion density ratios dropped from 4.4% and 6.0% to

PRGN

2.2% and 2.8% respectively at two different utilizations when the SHAG
grids were used. The theoretical model predicted essentially the same

quantitative changes. i
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CONCLUSIONS

A discharge chamber model for an electron bombardment ion thruster
has been developed which considers metastable, resonance and ground
state atomic and ionic production and loss me.hanisms. The model can
be used to predict doubly charged ion densities from plasma property
information. These calculated double ion densities agree with measured
values to within 40% for low values of the double-to-single ion density
ratio (n . /n, < 2%) and to within 20% for the rest of the data. Cor-
~elations, which relate average plasma properties to thruster operating
variables such as anode current, can be used to estimate the average
plasma properties in strongly divergent magentic field thrusters when
the properties themselves are not available. Singly charged ions are
produced, according to this analysis, in significant numbers in two
step processes through intermediate metastable and resonance states in
addiition to direct ionization from the neutral ground state. Doubly
charged ions are produced predominantly via the singly jonized ground
state with direct ground state neutral-to-double ion production be-
coming more significant in plasmas with high Maxwellian electron tem-

peratures and primary electron energies. A simptified model which

considers only the singly ionized ground state in double ion production 1
can be used to predict double ion densities that agree with the i
complete model's predictions to within 5% when primary electron ener- -
gies and Maxwellian electron tamperatures are less than 29 eV and 5 eV

(12)

respectively. The recent experimental observation that the use of

small hole accelerator grids in conjunction with lower anode voltages

l
]
provides a means for reducing double ion densities in thrusters, with- ‘j
1
‘ out deqrading performance, is supported by the model. 1
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APPENDIX A

|

The computer program "HG", which can be used to predict the den- ‘
sities of excited atomic and ion states considered in the complete ' i

model, is listed below. The input parameters needed by this program J

can be approximated using the correlations in Figures 8-12. More ' )?

accurate input parameters can be determined using the computer program !

B "PROP", listed in Appendix B, and data obtained from a Langmuir probe ) ;

survey of the discharge chamber. The computer program "HG" uses the

equations developed in the "Theoretical Model" section and carrys out

the calculations in tha manner suggested at the end of that section.

Comment cards are included in the listing to indicate what calcula- -
tions, etc. are to be carried in each section. 1
. Y Y . . .
Values of the functions Pa(gpr) and Qa(me) are listed immedi
ately after the computer program listing. The particular initial state 3

(«) and final state (y) are indicated in the last twenty columns. For
example, the label "HGM-HG+ 3P0" indicates the initial state for the
reaction is the 63P0metastable state and the final state is the singly
ionized ground state. The first seven cards listed with a particular
identifying label contain the values for Pl(ﬁpr) while the second

).

seven 1ist values for QI(TmX
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PROCRAM KG (INPUTc()(ITPUhPUNCH.TﬂPESSINPUToTM-’Fb=0|ITPUToYAPES=PUNCHG4 10
LHoF I1MPL) HG 20 )
COMMON /A/ NP eMMe TEMP o PRINRG MG 30
CCMVON /RY/ UTT (492519021 (60425) 0 IK HG 4Q
DIMENSTION A(R)y R(3)e Ci3)e DE3)y F(3) SANDM (202921 ) 0 SEQOOM (2429 2H6 50 . ;
11)e SXO1(2921) QENL(2e21) e SXO2(2421) 0 SENZ(2e72)) 0 SX0M] (292+21) 9HG 60
2 SEAML(2e¢2¢21) 0 SRL1IM(Z292421) 0 SEL1IM(2e2121) s SX12(2021) 0 SE12(22H6 70 1
31)e RR(2) TR(P)e-SELIN2 (242921 )0 RAOMO(2) » RALMO(2)e SX(2e421)s SF{HG /0 1
4242110 F2(8)s TI(R) s X(B)y Y(A)y G(B)s RID)e Z(A)s RI(B) SXOR (292 vHG 90 oA
G21) s SEOR(242921) CXA1(PePe21)y SFRLI(2e2421) s FRI(2) TM(2) e W(2)4HG 100 'vi‘
6 C(2)y TR (2)s XSM(?) XSMM(2)s XPSM(2) e X2SMH(?) e FIREE(2) s PHLOSS(HG 110 o 4
721 TAU(P)e YLAM{2)y UPP(6e6) s XNELO) e XL (3s6+10) e PNE(6910) s SP(6HG 120
Beb)e PeA(T)e HA(T) FYP(30)s PNO(w)e SD(léshald)s TT1(14e8)s PP(10HG 130 /1
9)s PR(10)s #XP(30) SAIM2 (2123210 TMP (D) e QT(A)y QR(B) HG 240 .
. RE AL NP eNM HG 150
DATa x(])onT(101)OTTT(?-I)QTTI('BOI).TTI(“nl)vTTI(txwl)QTTI(bvl)tTTNG 160 v
lI(?nl)oTTI(Rol)cTTI(QoI).TTI(onl)cTTI(llol)oTTI(12~l)oTTI(13~1)oTHG 170 4
ZTI(lbvl)oTMnTR-TKoH(l)cZ(l)-l(?)/lOHPRI ENFRGY«10HNFUT NENS. s 1 OHNMHG 180
3/N0 PERC10HNK/NG PFRCI1OHNS/ND PERCe]l0GrANMs/NO PE s 1DHN+«/NO PFHLHG 190 A
40=Ne/NOT 10RN+se /M T W 10HAEAM Ma,  «l0HMe CM=3 2+ 104N+ + CM=3HG 200 -
S J10HT ARC B4P.e10=EV/HFAMIONs 10N +10A~ 3P0 »10H6 3PHG 210 o
62 v10KA 3PR1 ume 1P1 v10Hn 2D &/2 o 10HA 2D 372 + 10HHG 220 oy
TN+ e /N» s 10HFLOT WITH o10mM CONSTANT/ HG 230 Tj%
NATA EpoTAUoXLA“/S.BQth.Io.00060010*9.0000000”130.0000?5370.00001HG 240
1R49/ HG 250 J
FR(AvE):(A(l)“H(l)‘A(?)““(Z))/(A(l)‘h(?)) HG 260 b
¢ H6 270 o
c THIS PRCGRAM 1S SET UP FOR MERCURY ONLY HG 280
c SET UP NF THE PRIGKAIM HG 290 .8
c HG 300 ,
Nv2=10 HG 310
NNN=0 . HG 320 i
DC 101 J=2eH HG 3130 !
r(li=lOm HG 340
10l x(I)=low HO 380 - Y
00 102 [=348 HG 360 N
: 1072 Z(1)=10k HG 370
D0 103 J=1e14 HG 380 .
NO 103 1=248 HG 350 v
103 TTI(Jel)=10w HG 400
DO 104 I=lek MG 410 ’/(/‘;
ATIIY=TTI(1361) [I¢) 420
104 QR(I)=10K HG 430 i
OR(1)=10KUTL, HG 440 :
NQ=2 HG 450 i
06 105 I=143 HG 460
108 A(I)=1, Mo 4790 i
c HG &R0 K
(of READ IM THE INTFEGRATED CROSS SFCTIONS 318 490 i
C 1] == INFICATES NATA FCFR PkIMARY RLFCTRNANS (a16) 500
r Peae= INMPICATES NATA FOK MAXWELL IAN ELECTRONS HG 510
c H0 2720
C NFUTRAL TO SINGLE lal¢ %30
C HG 5640
QREADN (Re168) ((HF(H(JOX);S'UI(J»])0131‘71)0-12102) [a1%) 950
C (21¢] 60
C NEUTRAL T NOURLE HG ENAY
¢ HG 440
READ (Se]AR) ((SFWZ(JOI)o\’UB(JoI)ol=lo?])0J=1~Z) MG Ha
C My 00
¢ SINGLE TO DOUR(E MG 610
C MG Hea
KEAD (Se)ARN) ((HF[?(\JOI)oSll?(.J'I)QI=1031)o\liltf) (21§} 630
o M6 LY
¢ MELITHAL TO METASTAMI Y 21§} 6540




pow 47 X 1V T T —-— - B - v Vv TNnwT o=

60 4

N HG LY-1V]
READ (Be16R)Y (LISENGWITe gy r ) SAGOM T edsk)Y9X= el od=lez) 01214 2) HG 670
o H by0
NEUTRAL TO RESONANCE HG 690
¢ HG 100 N
READ (5168 (((SEOI(TaJeaK)9SXOR(TI v ar) e ~1021)4J3102)0[21e2) HG 710
C HG 720
(o METASTAKLF ATNM TO STNGLF HG 730
c NG 740
REAR (Se1AR) (((SEOMT(Tader) 9SXOMI(TodaK)ar=1921)0d=1e2)9{=142) HG 750 ,
C HG 160
C SINGLE MFTASTAGLE TG DNURLY MG 7170 J
c . HG 11O |
REAT (Se16R) (((SRIM2{ToJoK) e SXIM2 (T ader)sK=1021)0d=12)el=142) HA 790 , .
C MG 800
— Cc RESCMANCE TO STNGLE [aIt] 310 . ]
[ MG 420 4
READ (ReYAR) (((SE%L I vJeRi9SXEI(TodaK) ek =l o2l ad=192) e [=102) Ho 430
[of HG B4Q
¢ SINGLFE TO SINGLE METASTAKLE MG 450
C HG 8360
READ {54168) (((SEVIMIT s oK) aSXIIMIIedear)sk=1021)0dz192)01=142) HG R7Q
C o161 840 f
C REAN IN NATS HG ¥90
C AR=ANN. OF DIFFERFNT PRIMPEY FRERGIFS OFESIREN FOr EACH ELECTRON DENKG 900
c DP=(RFLOW) DFITA PRI{MARY FHERGY HG 910 A
Cc MNSeNO. OF NIFFERFNT ELFCTRON DENSITIES USEND PR RUN Hy 220 -
[of MeR=NO, OF kUNS HG 930 o
C IFLAG=L NO O CINTERDOLATION FOR MASS FLOW RATE K3 940 i
C (3} 350
REFAD (53142) MDeNSeb 2y [FLAG HG WA
¢ HG 910
c BFGIN THF RUMS =18 IRe
¢ MG 4990 »
NFE=10. HG 1000 .
He 134 IP=z]eMrR K 1010 iz
, C MG 1020 }
c FGUTVALENT OFFr Ajeb A FOR NFUTRALS 8% CHARGED PARTICLESR . VOLUMF OFHO 10130 _"!
c PRINVARY ELFCTRON Y 510N NONUNTIFOSYITY PARAYE TFES, HG 1040
¢ MG 1050
BEAD (501610 OPNeOMCaVOLsF 142 MG 1060 7
C alF} 1070 ]
(ot NO., OF DIFREDSNT MAGS FLOW “ATES DFSIRFD MG 10KY {
r M 1094
NC=2 =G 1100
C ti; 1110
o YALUFS nF M 216} 11720
¢ MG 1130 1
IF (IFfAaG,reel) o0 79 16e H; 1140 ;
BFAD (Selal) (PP aT=14MC) HG 115¢
104 LR MG 110 ‘
Xtz 0y M 1179 1
NO 124 J 1Ak RS Hoy 1189 1
RS SFTIRES o1 M 11050
LS BCIPR BY M 1700 4
F ST (- 1o la J‘
¥ pa0, e 1220 |
¢ HA A i
r B TMAeY T b TN v TO AE L e Ay TRERr 20T @ DNMNY e P RARY SHG l.oan :
¢ MASWEL] 1A AT T i CTeON AV ASTTY, IR PUNT 1
e My ey ]
| A RIS IS S EYAN TT B 4 TR !
CEAL el AT e MY e ek ekt Mis 1.0 !
IS A T T S DA B SN TEA R B DA Peia 1 W) }
[ AR SRR A KA A LR I -
r [N RN NG) P




————

T T T

‘
61
c ELECTRON DFNSITIES FOw [TERATION ON MASS FLOW RATE HG
c HG
RFAD (R9140) (TMP(L)sL=19NS) HG
GO TO 109 HG
107 Ft NENS=TMP ()1} HG
GO TO 109 HG
108 WRITF (hel39) HG
109 CONTINUFE HG
XME (J.J) =F LOFNS HG
ELD=ELNEMS/1.F 18 HG
FMCODF (Aaslbaell) VASELDs TEMP o DENF Hi
D0 128 [I1=1+MD HG
SEv=0, HG
WHTITF (6y145) VASFLDENS,y TEMPR +Ph NP5 DENR HG
WHITE (Ael46) VOLIOPNIOPCFlsF2 16
- TOT=1,+1.7DENR HG
NP =FLNENSZINT HG
NM2FLIFNS/ZTOTZ0FNR 2]¢)
FFML=PO @ TEM® HG
! CALL YINTEGL (SA0245F02¢1 4 e SUMMEISUMM) "G
c 18]
Cc CALCULATION OF METASTAKLE/ NEUTRAL GROUNMD STATE RATIO HG
c He
no 112 J=1.2 HG
e 110 [=1.2 HG
N 110 k=121 MG
SE(Ter)=SKONM(JeleK) MG
110 SE(TaK) =SFOOM (e T oK) MG
CALL YINTEG (SXsSEslaeSUMyORSUM) HG
NO 111 I=1+2 HG
nn 11l k=1421 MG
SX(Tak)=SAOMY (Je1sK) MG
mm SF(LeK)=SFOMY (JeleK) HG
CALL YINTEG (SXa0FalesSUNMZWPRSUMZ) 316
Wi NSS3236,/VA/ 0. it
WAL LL=WL 0SS HG
QAOMO () =SUM/ (WLOGS+SUM2SLIMM) HG
W TF (6alal) TM(J)sRAOMO( ) HG
v [Tr (Aelal) H
wWAITE (Aalad) SuMirrSUM MG
Gi VESE VeSUNPERSUM MG
wRITE (Ael62) MG
wRITE (Al6T) WLOSSsSUMZ2ePESUM? «SUMMPRSUMM i
TT=wi WSS eSUIMP eGUMM MG
A=V OSS/ZTT MG
ARuSUYMA/TT HG
ACzSUMI/TT HG
vik TT5 (6Hhelun) BAsAIsAC HEG
112 CONT [NUE HOL
SN(2eJJs [T =(FAQOIOLL) ¢ RAONDIZ2)) 100, MG
(of MG
c CALCULATION AND [TRATIOM FQOR VESONANCE ZNELTRALY STHSLE/NEUTRAL Y oHG
o MFUTRAL DNENSTTY Ho
Cc My
NLURELD | s
[FLAG=0 (SRR}
t?=11-2 an
11=11~1 i
IF (T1anT 2} A1 E (225U (s JJeT 1) =SD(eJJe12)) 7100, 2l
XNT2/NM] o XN o XM MG
XSM (2120, (3183
(o (18]
C GUFSS NFUTwAL NFENSTTY rnG
o MO
13 XNOLHLDFNS/ZYE 171003000, Ms
c Moy
~ ’

1329
1330
1340
1350
1360
1470
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
1-80
1590
1500
1610
1620
1630
1640
16950
1060
1670
16R0
1680
1700
1710
17220
1730
1740
1750
1760
1770
1780
1790
1400
11410
1320
1830
1440
1260
1860
R4
1440
11440
1300
1410
1420
1430
1940
14thy
14h0
14749

1

e
.Y
5
-
/

4

-




62

(%]

CALCULATF RESUMANMCE/NFUTRAL  RATIOQ

N0 3117 J=laNy ’
IF (TFLAGLFGRLL) GO TO 116
Ny 11e [=1.2
NO 114 x=z]le2}
SAX(Term)=Sx0{)eleK)
114 SE(feK) =S8R0 (Ja[9K)
CAtL YINTEG (SXeSEelesXSM(U) e XPSM(J))
o 115 =12
Oou 11% k=1,21
SX(Ter)=9YRl (JelaK)
115 SE(TaK)I=SERL(JelsK)
CALLL YINTEG (SXeSEsl s e XSMM(g) 9 XPSMM(Y))
116 COMTINUE
NVE=33963, /7K1 AM ()
SIGMAC=, 112/0VOTXLAMIJ) #82/TAU())
FRVF (J) =) o7 (ANNDRSTGMAC)
FrlOSS(U)=]e/(GeF120VAR(TAL{ ) #XNORSIGMAC) 22 2)
117 RRUJ)ZXSMAY) Z (WALL +1LOSS (J) s XSV (J) +SUMM)
IF (IFLAGLFQRGY) w0 TO 118
CALL YIMTFG (SXN14SEOLslaeSUMLyPRSUMIL)
CALL SUMIT (SXUMLyHHOM1 92942000 TSUML B4 C)
A{P)=s0,
0n2)y=n,
118 CALL SUMTIT (Sxk1+SFHIANQIRRTSS W Q)
IF (lFLAG.FL.1) GO TO 119

CALCULATION OF SINGLE/MEUTRAL  RATIO

(g X Ne)

VP=SORT(TEMO®L JROYBESe (1, oMb /NMY) /100,

ALOSS=VPR/VA/F]L

CALL SUATT (SXI1MySFLIMeZeaTSUM200Dak)

CALL YINTFG (SKIZaSE120laaSurt - 8R%1542)
119 RETO=(SUML TSP e TSS) /7 (WLOSSeTSUMP e SUM2)

CHRECK OF FurOLR IN GUESS OF NEUTRAL DEMSITY

(e NeNe)

QPN TOsINZ « XM

FRUO= LS ({RND0=KN[) ZRNPO)
Xtil =t MO+ XNP ¢ 1NV

ANT=wNTO

JRL=JKL ¢1

1FlaL=1

1fF (FRPNK 6T, ,03) 60 TO 113

> NEUTRAL nrROUND STATE ATOM GENSITY

AODO

XNG=FL DENS/ZXNTZ1000000,

¥OTTE (6Helae9) XNDeJrL

SO )Se T s(ua(l)ernr(2))+100,

SOLL e e 1) =xN0

ANl dSel ) == 02100,
XCA=100,/7C 00 eSO (el e ll) oSl (20dgell))
Sty t7e t)pel DY v T2

XD =pr0d (L g em tGv (1) e A0 {2 40 (L) o (P))
AL (YooY enifanlsg,

PRINT OUT fer SOMANCE ATOH DPNSTTY «ATIO

[aReNe]

TR T IR NN F BT
wie L TE (h e b)) T ) e () e bt t (L)
Vot TE (rals]
w TR (R xS ) et )
R Ve X () 3PN )
wieTTE byl k)

HG

HG
HG
HG
MG
HG
M
MG
HG
HG
HG
HG
HO

HG
G
HG
HG
HG
MG
HG
MG
HG
MG
MG
HG
HG
MG
1¢]
MG
HG
21¢)
21¢]
G
MG
alt]
HO
21¢]
My
H
HG
(alt}
Ho
alt]
His
M
Hiy
alf]

MG
i
MG
H
dly
Pty
LAY
sy
oy
1t
Pl
Moy
Mty
(516}
b4ty
Pty
P4la

T49HO
1590
200Q
2010
2020
2030
2040
2050
2060
20170
2080
2090
2100
2110
21720
2130
2140
2150
2160
2170
2180
2190
2200
2210
2220
2230
2240
272549
2°K0
2270
2280
2290
2300
231y
23720
2330
2340
2350
2360
2370
2340
23990
2400
2410
24720
2410
2440
2450
FLY
2410
2680
244906
2900
2510
20
S 3
Jaay
PR ARV
204
2al0
¢ YRy
e
J004
Al
noo

BESNEEN

e s




63

wHTITE (63192) YALL«PHLOSS (J) « ASMM(J) 9 XPSMM (J) » SUMMyPRSHG

1 UMM
TTawALL+PHLOSS (J) ¢ XSMM(J) +SUMM
AASWALL/TT
AR=XSMM(J)/TT
AC=SUMM/TT
AD=PHLNSS(J) /TT
WRITE (6+151) AAyADCARAC

120 CONT [NUE
c
Cc PRINT OUT SINGLE TON GENSITY RATIO
¢

WHITE (6+1%3) rRMIO

SN(1UeJJeTII=RNIO®XNO
- PRIF=FR(13,C)

WRITE (As1h])

PRIG=EFK (wael))

PRIA=FR(NWE)

| WHITE (6e164) SUMLIPRSUML 9 TSUIVM]L W PRTF 2 TSSHPRIG
' SEV=SEVeSUMLIOERSUM L« TSUML @PR[F+ TSSHPRIG

TT=0UML «TSULIA)L « TSS
AA=SUMI/TT
AR2THUMIL/ZTT
AC=TSS/TT
WRITE (helha) ADYAHMIAC
WRITF (Aylb2)
WRITE (Ae)6T7) AL 0SSySUMRePRSUMZ ¢ TSUMZ W PRIN
TT=SUM2 oWl 0SS TSUMLE
AB =W NSS/TT
AR=2SUMP2/TT
AC=TSUMA/TT
WRTITE (Aela8) AANsAHAC

C CALCULATION OF SINGIFE META/NUTKALL RATIO

N0 123 J=1.+7
no 121 I=1.2
Nno 121 x=1.21
SX(leK)=SXL1IM(JoloK)
121 SE(Lek)=SELIM (o] oK)
CAM L YINTEG (SYsSFaRNIOsSUM]Y 42RSUM]L)
no 122 1=1.42
no 1772 xk=1421
SX(TeK)I=SXIMZ(yelsK)
122 SE(Ler)=SFIM2 (sl oK)
CALL. YINTEG (SXaSE sl eSUMPPRSUME)
wl.OSS=VR/VA/ZE2
DATMO(J) =SUMLZ (SUM2en08S)
weITE (6el9n) TROJ) s RAIMOLLY)
WITE (ARyiR])
vielTE (HelA3) QUM ePiREUMI
SEVaSEFVeSUMIaPRIUMY
woITE (helA2)
wRITE (Halhnh) WELNSSSUNMZ e PRSUMA
TT=2dlLOSYeNNP
BL2wl DSS/TT
Av=QuUNA/TT
vee I TR (Aelan) AAWAR
123 CONTINOE
XU (2o ol 2 (ONTOSAITMO (1) ¢ ALIMC(2)) 2VPRXNO®T U,
ANMz e AL (1) ewalMO(2)
TF (TTetiTal) MM @aMMaSN (e g del]l) 7100,

CALCHLATTION QF HDOUMLE/re0THAL WATIO

DHOO

CALL YIMNTES (SAO2eSH O e oo HGuMb b))

HG
HG
HG
HG
HG
HG
HG
HG
HG
MG
HG
HG
18]
HG
HG
HG
HGET
HG
HG
MG
HG
HG
MG
G
HG
HG
M
HG
HG
HG
HG
HG
i3
HG
HG
HEG
HG

2640
2650
2660
2670
2680
2690
2700
2710
2720
27130
2740
2150
27160
2770
2180
2790
2300
26810
2820
2430
2840
2350
2360
2870
2380
2490
2900
2910
2920
2930
2340
2950
2960
2970
23840
2990
3000
3010
3020
3030
3040
1050
3060
3017¢
30K0Q
3090
3100
ilio
3120
3130
3140
3150
31160
3170
i1RQ
31490
1200
310
/20
1230
‘l”‘ 0
1240
LYY
32170
RPLYY
1290

N

i
\
]




OoOHOnOn

OO0n

126
127

FRENICTION OF MEXT

CALL YIMIFG

TS W T T T TReRse————— - o T e e m e T

64 (s

(S0 )ceSr 12 eRilUeNUNZ e PRSUMZ)

CAMLE SUMIT (SKXIM2eSE L2 aZanAlNOsTS5UML B C)
wWLO5Ssl el n22Yew/VA/FZ

RK=20,

SO(H S Je TTI=(FALAC (L) Al (2)) *100,

N0 124 =147

QY =K+ PAOMG (1) »SUMM

Rl =0,

0O 1729 T=1+NG
R ZRL¢2R () #91IMM
RPO= (SHM] o 5UM2 # TSUMT ¢k el ) /wl OSS

OF NFUTWAL DENSITY

IF (IT.FQ.1)
[1=11=1

OOURLE TON/ZIsbUTRAL F0R USE TN PREDICTION

G0 To 126

XNP= (24, 2Q20=5N (A dJe]ll)P,N]1)82,

Gy Ty 127
AMP =2, 8120
conTiruE
SH(llegds I

mREQRXN(

SHAeJIe T T) =200 X KA
AL C3eige TT) stepayPo] (416 22XNN2100,

SD(AsJJeTT) =

WRTTE DOUSLE/NFUTRAL

Y2100,

KATIOs FTC,

WTTE (RelbR) K20

GUIT) =PRTANG
ON=FH (R4C)

AR[TE (Helnl)

ATTE (Aesl6D) SLMLaPRSUMLAaSUMZ ePRHGUNZ e 1SUMT e PN eRKy PieSUtaM
A N Y N TS I TR AT S leyumpatieit e TRUA] 2PN (R e ) @RS 1IMM
TI=Crm] s 2aT o] ¢ 2 abe

AN =SUML/ZTT
ARLSUIN2/TT
AC=TSUMEI/ZTT
ADN-w</TT
AR el /TT

WETTE (60187 AAsaRVACAD
P TE (Aelrn i) el abrStiMp

wh [TV (Aelon
wir[ T (Aele?
whlTt (helth

BE AN CURRENT

MAGY

XXEXE (X (7 0.)

LOSS ATt

)} A
)
) oWl 2SS

JelTraxt (3adUsil)ord)®letb=1680PC

(21¢}
G
MG
HG
HG
MG
HG
H(y
HG
HG
HG
HG
HG
HO
o]f)
Rt}
HG
a1¢)
M6
HG
MG
MG
of}]
MG
a1t}
HG
21¢)
HG
HG
HG
MG
G
MG
G
(21 ¢}
HG
Fily
H(
by
M
Hia
G
HG
ti{y
HG
TS
M1
HO
[S1K)
21¢)
Pl
beyy

TOTE oSS (Lo doa Ty orts (p (ool et (3agdelT)) "0eC) o lHg

U TN

I o xxx/z b b one

Sy tre e [T
FVv/sion
by N e
AV Cun b N

LIRS |

VLT R AR/ g i) ey

T R I N I I RTINS |

21}
Ala
(IR]
144
(AN

[EERY
rees
[XIRY
becy
Y

Viry
XI.

bl

31400
3410
33720
3330
3340
3350
3360
31370
31380
REL V]
3400
3410
3420
3430
3440
3650
Jahk(
3470
34 K0
3490
%00
is1o0
35720
3430
3b40
14450
360
3570
39RO
35990
3500
inl10
I620
1530
1540
31650
InA0
K10
3680
Inyy
3700
A/10
3720
tRARLY]
3tac
LW ANY]
1760
REEAY]
3780
1190
1190
14149
4,0
PRI
1440
1AL
Ly
(!
[V
Gty

el
LR NE
PR

L]

LR ARNE

V)

N

Al

e e e B

———e A
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65
WIRITE (691%9) AXXXeUTLIFVARCI HG
C HG
c CHECGK FOR PLASMA NFEUTHALTTY NG
C HG
EP2ABS ((XNMeANZeRNIO) /XNT=1,) HG
IF (IFLAG.F el ANDJEP,GTL,03) GO TO 108 MG
PRINPG=EPRINRG+DP AG
IF (IFLAG.MF L) GO TO 133 HG
12R CONTINUE HG
129 CONTINUE HG
c HG
c INTERPOLATION FOR THE ELECTRON DENSITY wHICH YIELOS DESIRED MASS MG
C LOSS RATE HG
c HG
DO 132 1Y=1eNS HG
c HG
C LOSS RATF R
c MG
: NO 131 JZ=1+N0 HG
: DO 130 UY=1eAS HG
' DYP(JY)='KL(1.JY.JZ)ﬂJPN’(XL(Z-JYoJZ)OXL(3oJYoJZ))°OPCHb
1 )2l hF=16 HG
130 CONTINUE HG
WRITF (Aelb0) (PYP(JUK) 9JK=1aNS) HG
Nno 131 Je=lsnC HG
CALL ATTxEM (TP XANE oNS 2ePNOTJA) oPHE (JAWJZ)) HG
IF (PARE(JBJZ) oL To04) PNF(UAy 1L)=00 HG
131 COMTIMUE HG
c HG
o CALCULATE N++/Ne HG
c MG
NN 132 [Z=1ND He,
DBE (1Y 17)=SD(ReIY1Z)/S0(40TY17) HG
132 CONTIMNUF "
CALL CRSPLT (ONGaDD v ZNE sPNE s G e X oty 7 91D e NS NC) HG
c HG
c INTFEPOLATION NF PLASYA PROPFRTIES ETC, FOP CONSTANT MASS LOSS RATHG
(o} HG
no 135 Ixk=1e13 HE
NN 133 JF=1.8 HG
133 Y(IE)=TTI(IR1F) MG
NN 136 [E=]eMS HG
NGO 134 TF=1eMD HG
134 NP (TEIF) 2SO UIRSIE S TF) HG
CALL CRSPLT (FHOWDPRXNE 9 PRE«GaXaYaZsNDeNSeNC) HG
135 CONT INUE HG
no 137 L=lenC HG
N0 13A K=142% HG
PXP(K)=UTT(Lx) /PNO(L) HEG
134 PYRP(K) =D ({LsK) HG
CALL Mava (NP XPaPYRel e 25 e M aHHo VL oV ie3Re T /79 1) HG
137 CALL MAPM (SePXPaPYP el 79U sHH VL sV QR OT /0 1) MG
13R CONTINUF 31%)
c HG
139 FORMAT (2xe 16HITFRATION FOR Ne) HG
140 FORMAT (=F10,4) MG
145 FORVAT (RF10,4) HG
14?2 FORMAT (1AT1H) HG
143 FORMAT (4F10,64F10,7) MG
1a6 FCRMAT (ANV/A?.FA.J.Q!nJFtD:th.3oRHF1RoQK.?NT:oP“.1leounP/nt.FS.Hh
i?2) My

166 FORMAT (/774 3XalamVOl ZAkE A (Me]) =2y Cah X e lanb L FC UFEN(M=3) 2ok 1] e ebH0
YXGIGHFLEC TEMP(EV)I ok 7o 3enxslbre ., EMERGY (EVY mor 74 3¢ X e nnNP /i o F MG

?26.%) (12}
145 FCRMAT (/ol0Xeluwval (CA 24F 10430l 0Xe 7HA=NPY T~ 0F 10,30 10X010MA=s (MG
1CM2)2eb 10,30 tRe Ikl et b0 3T Bk PzabFha?) Hiy

3960
3970
3980
3990
44000
4010
4020
4030
4040
4950
4060
4070
4080
4090
4100
4110
4120
4130
4140
4150
4160
4170
4180
4190
4200
4210
4220
4230
4240
4250
4260
4270
42R0
4290
43C0
4310
4320
4330
4340
4350
4360
41370
%380
4390
4400
4410
4420
4430
4440
4450
4ni0
440
4an(
64630
4500
4510
4420
45740
4540
4540
L3RG
4% 17Q
H9 R0
45490
a4nou
410

[ WU SN

e & M e




O2O0O0

DOO

OoO0nn

OO

147
l14R
149

150

151
152
153
1584
158
1856
167
15R
159

160
161

162
163
164
165
164

167
168

101

102

103
104

108

» -5 0
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FORMAT (///¢20XeA10s5XK s yHNMETA/NO=eF10,.5) HG
FORMAT (10XeF10,5421XKe72(F10e5¢20X)) HG
FORVAT (//910X423HNEUTHAL DENSITY (CM=3)=9F10,3910Xs19HNO, ITEVATIHG
10NS=z414) HG
FORMAT (//7420XeAl035XysHNFFS/NO=eF10,6410X9204MEAN FREF PATH (CM)=HG
1¢FR.H) a1¢]
FORMAT (11XeF10,5420X03(F10.5420X)) HG
FORMAT (IOXOVII.QiZUXQFll.“!20X12(El1.htlx'E9.2010X)) HG
FORMAT (///7+20Xe6HNe/NO=aF10,5) HG
FORMAT (10Y¢3(F10,520%)) HG
FCRMAT (//7+20KeA10e5Xa LURNSMETA/NO=+F10.5) MG
FGRMAT (/771203 ¢ THN++/NU=9F10.5) HG
FORMAT (10X04(F10.5421X)e/) HG
FORWAT (10X4F10.5) "G
FORMAT (/.Rx'snﬂsAM=.F10.3.3Hma..10’a12nUTILIZAT[0N=.F10.6oloxqleHG
1EV PER RFAM TON=eF10.5:10Xe5HIARC=4F10,3) HG6
FORMAT (/e2X¢3mM/A38(3XeF1041)) HG
FORMAT (/420X 049HNUMERATOR TERMS (1/SEC) FOLLOWED #1Y PRI, FRACTIONHG
1) HG
FORMAT (/+P0XsS2HDENOMINATOR TERMS FOLLOWED BY PRI FRACTION (IF AMG
1nY)) HG
FCRMAT (10XsF114491X0E9.2) HG
FORMAT (10Xe3(F11ea01XsF93,2410X)) H6
FORMAT (10X 04 (FllabelXeE9,2+¢10X)) HG
FORMAT (10XeF11.4920X0F11st4e1XeEGL2010X) HG
FCRmAT (10XeF11.6020X02(F11a4e1XeE942010X)) HG
FORMAT (A(F10,4¢F10,3)20K) alt}
MG

END HG
SURRAUTINE CRSPLT (PNOSUPP ¢ ANE s PNE s Go X o ZoNDINSINC) CRS
CrS

THIS SUEPAUTINF INTERPOLATFES IN THF AKKRAY DPP TO OET THE VALUES FOCRS
CONSTANT “ASS FLOW RATE (OFT, BY PME) AnD ThEN PLOTS THE RESULTS  CRS
CRS

COMMON /R/ UTL(6425) ePN(4925) ¢ IK CRS
DIMENSION DPR(6e6) e PNO(G) s XNF(6) PNF (As10)y GI(B)y PYP(30) e PXP(CRS
130)s PP(30)s SE(10+20)y X(B)e Y(H)o H(H) s /7 (4) CRS
CRS
INTFRPOLATION CcRrS
CRS

DO 102 xZ2=1eND CRS
NO 101 rkY=1eNS CRS
PYP(KY)=DPHP(KYsKZ) CRS

N0 102 xx=1sMC CRS
CALL ATTXEN (XNFOPYPOFQoZoPNE(K19K7)’$P(<XOKZ)) CRS

IF (PNF(XX4KZ) ¢GTolab1n) SPIKXeXZ)=04 CRS

IF (PME(KXox2) JEG40,) SPIKXyKZ)=0, CRS
CCNTINUE CRS
CKS

FIND MAX AND "IN CRS
CRS

DO 104 J0=1eNC CkS
No 103 JP=1sND CHS

PR (JP) 2SP (JDWJP) GrS
CALL MAPA (FethePP ol aNN gk s MMV s VHeXaY o TTo 1) CHS
crs

PLOT OF DATA g
CRS

CALL MAPA (lQDY"QPY‘Jolo)_"'qu_cHHoVLon-oXoYcTlcl) (WA
CALLL MARM (].PKP.FYP'lq(HoHLoNH.VL.VHo!;VcT[nl) CRS
NC 112 ja=1e%C CrS
NO 108 fuzleND xS
PR (1) == ([A«TR) CcHs
CALL SINTF @0 (Gal-PebP D e2YPeMDa e d) CrS

XX :=PrA(TA) Cles

190
200
210
220
230
240
2%0
260
210
2R0
290
300
310
320
330
340
150
360




[e NgKel

OO0

OO0

[a X Ne]

106

1113
114
1158
116
117

101

int
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WRITF (~e113) XX

WRITF (6Gella) X(1)sH(1)

DO 10A T1x=1+259

wRITF (Ad115) PXP(IX)9sPYP(IX)

WRITF (Rellh) (PNE(TASTII)oII=1oND)
WRITF (A¢117) (GUIXK) eFP(IX)oIX21eND)

PLOT OF UTILTZATION VERSUS DISCHAKRGE POWER

IF (I®aFQ.9.0R,I%,K2,13) GO TO 107

GO TO 111

IF (IK,FR,13) GO T 109

NO 108 L=1+2%

UTL(Tasl)=YR (L)

GO T0 111}

DO 110 L.=1+2%

PRIIACL)=PYP (L)

CONTTNUF

CALL MAPM (2o XFaPYP 9] 428 sHLoHH VL aYHIACHZ0o 1)
CALL MAKA (2¢PXPeOYPslozZRoeHL sl VL eVHe X 9Hs 2y 1)
CALL MAPA (4 ePXPyPYP 1425 HLaHH VL aVHeXaHo 29 1)
CALL MAPM (4 ePXPosPYPylolSsHLaMH VL «VHeXoeHsZs 1)
RETURN

FORMAT (//+20XK313HPICKED VALUE=4Z2XKeb 10U 3e9nMILI IAMDS)

FORMAT (/410X eA10420X9A10)

FORMAT (12XeFm 39leXeFlleael0XeELLl,n)
FORMAT (/45X JOMELECDF NS oo B(2R0F1043))
FORMAT (RF10,3)

END

SUBROUTINE XTNTERP (XaYoXIaYIsNINeNCUTWINTFRP)

THIS SUHRAUTINF RETURNS =NOUT= POINTS «HICh AkE INTEKPOLATED TO

TRE ~INTERPP= NFGREE F=OM =Xy9Y=

DIMENSTION X(NIN)s YUNIM)o 2I(MOUT) e YI(NOUT)
DX (X(NIN) =X (1)) /ZF . GAT (vOUT=1)
xx=x¢(1)
DO 101 [=1sNOUT
XI(I)=xX
CALL ATTHFM (XoeY I NINIINTERP9AXIYY)
IF (YY T,0,) YY=0,
YI(I)=YY
XX=XXeNX
RETURN

END
SURROUTINE YINTEG (SICMAGSTGNRGAPHOP aSUMePSUM)
EVALUATION CF REACTION waTF
COCMMON /A7 P oMV TePINRAG
NDIMENSTION STaMA(2421) s STOMRG(2421) s S (21)y SE(P))
GFE Al NP oNM
PRIMARY FULFCTRONS
ne 101 121421
SX(l)y=sTema(lel)
SE(I)=SIA: o (1e1)

CALL AITwer (F aSXellacraPRINRGYIX)
PSUMINO LMoY

CRS
CRS
CwS
CRS
CKS
CRS
CRS
CRS
CRS
CRS
CRS
CkS
CRS
CR<
cues
CRS
CRS
CRS
CRS
CRS
CRS
CRS
CRS
CRS
CRS
CRS
CRS
CRS
CRS
CRS
CRS

INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT
INT

NTG
NTG
NTG
NTG
NTG
NTG
NTA
NTG
MTG
bTG
LT
NTG
MNTG
NTO
taTh

370
380
390
400
410
420
430
440
450
460
470
480
450
S00
510
520
530
540
550
560
570
580
590

610
620
630
6540
650
660
670

)
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102

102

101
102

1013
104

68

MAXWFLLTIAN FLECTRONS

DO 102 1=1.21
SX(T)=SIGMA(Pe])

SE(I)=SIANRG(241)

CALL AITKEN (SEeSXs2197eTeTRY

TSUM=PROPANMSTR

SUM=TSUMeP3UIM

PRSUMTPSUIM/SUM

RETURN

END
SUBANUTINF SUMIT (SIGsSGFeNsPROPsTSUMsSUMS»PRSUMS)
TRANSFER ROQUTINE FOR bEXCITED STATES

COMMON /27 NPINMyTEMPIPKINRG

DIMFENSION STG(Ns2e21) s SGE(Ns2921) s PrOP(N)s SUMS(N)s PRSUMS(N)

1X(2¢25) e SF(2425)
REAL NP JNM

CALCULATFS THE SuUM (OF INTERGALS

TSUN=00
DG 102 I=1.N

NN 101 y=1.+7

NN 101 x=1+71

SX{JeK)=2STG(TeJeK)

SF(JeK) =86 (TadeK)

CALL YINTFG (SXeSEWPROP(I)»SUMS({T) +RPRSUMS(]))
TSUMaTSUMeSUMS (T)
ke TURN

END

SURRAUTINE ATTKEN (XsYsNsKeXRsYR)

NTG
NTG
NTG
NTG
NTG
NTG
NTG
NTG
NTG
NTG
NTG
NTG

SumM
SUM
SUM
SUM
SUumM

SSum

SUM
SUM
SUM
SUM
SUM
SUM
SUM
SUM
SUM
SUM
SUM
SUM
SUM
SUM
SUM
SuUM

ATIT
ATT

RONORRARRIVDERNRANAIVABRDLLARNRODVDRNNQRDARLNDNINRTINIRCUIRNDNGRDIIA]T

ATTxEN INTERPOLATION SURKQUTINE
CALL ING SFGUFNCE 44
CALL ATTNEN(YeYoNsKeXHeTH)
Y IS A ONF NIMENSTONAL ARRAY OF THDOFPENDENT
VARTAMLE (INCRFASTHNG OR DFCREASTNG)
Y IS A ONF DIMENSTONAL ARRAY OF 0OFPrNDENT
VARTARLF
N IS NOs OF XaoY PATKS
K IS NFGRFF OF INTERROLATING POLYNOMIAL (MAX = 10 )
XR TS IMNFPR, VARTAYLE AWGUMENT
¥q IS INTFRPOLATED ~FQUl.T

ALT
ALT
ALT
AlT
AIT
ALT
AlLT
Alf
ALT
ALT
AIT
ALT
ALT

0BRADAIANQLONDAINRRAIVAILARINRLRAD0ICRNAILEORAIRORERN ZDQQQQDQQDQQOOOAIT

TYPE e DIMFNSTION ANYD LAHRFLED COMMUN STATEMENTS

DIMENSICM X(N)e YU(NYe x£(11)s YY(ID)
Klzxel

IF (x(Ny--2(l)) 110elGlel0l

IF (YR=x(1)) 10241074103

LL=0

GG TO 119

TF (X (N)~=Xk) 1049104 4l0%
LLzh=x]
e Th 119

ALT
ALT
ALt
AT
AlLT
AlT
ALT
ALT
ALT
AlT
ALT
alT
AfT

170
180
190
200
210

230

280

190

274
2 3¢
24l
240
26
270
AR
24
6o

AP




105

106
107

108

109

110
111
112

113
114

11%

116

117

118
119

120

122

123
124

:,
R
11
16
21

LL=1

LuU=N

IF (LU=LL=1) 11751179107
LI=(LLsL /2

IF (X(LI)=X]8) 108+,108+109

Li=L1
GO TO 10a

Lu=LT1
GO TO 106

1F (XB=X(1)) 11141024102
I¥ (X(N)=XR) 112+104+104
LL=1

Lu=N

IF (LU=-LL=1) 11791174114
LI=(LLsLu) /2

IF (X(LTI)=XR) 11541164116

LuU=L1
GO 10 113

L=t
G6 TOo 1113

LL=lLl=~(xlel)/2
IF (LL) 102+1194118
IF (LL+Kk1=N) 11941194104
DO 120 I=1ekl
T1=LLel
XX(I)=xXx(l1)~XR
YY(ry=y(ri
NO 121 1=1+x
00 1721 U=lk
IF (XxX(Jel)eFQuXX(]))

60 TO 122

(VI

YY(Us1) 2t/ (XX(Je ) =XX(IIIIRUYY (D) RAXX(JoY) =YY (Jel)axX(I))

YhaYY (K1)
RF TURN

WRITF (Ael23) (X{T)el=19M)
wRITE (64123) (Y(I)sl=1eM)

WRITF (ke124)

Azl /(XX (Jel)=XX(L)})
CCC=3.%A

HE TURN

FCRYAT (10(2X+€10.3))

FORMAT (10Xs17HTROUKLE M

END

.0000 0, 6§,0000
L0000 0, 9.0000
L0000 HPLE=106 12,0000
L0000 JSORF=13 14,0000
«H000  J111F=-12 2l.0000

23,5000 172k -12 11,0000
42,0000 LP2095F~12 44,0000
3,0000 L PPHF=14 4,0000
a,T00n SINIF=113 540090
,7060 J1F9F=1]3 fa0N0Q
ARo7000  LP4F~-11 1.0000
R 0000 JRant =113 ReHUNY
Q=000 66 =)y 1u,0000
11,0000 589 =13 17,0009
q.,0000 0, AP0
R,0000 0. Qa0

ATTKEN)

0.

V.
J164F=113
13k =13
LIS ¥
o lHME=]2
211k =12
u".‘if‘l“
01/1[“'15
dlalv=}
ol =113
o Ve =14
W13
hRAE=1 1

0,

0.

7.0000
10,0000
14,0000
20,0000
A0 Gunn
iy o DY)
B0,NGNN

44 30N

N 4000

6y 3UNY

?.4907

IRV IR NV
10,5000
13,000

1.0000
1n,nnna

0. MG=HG*
O MG=HGe
e J3YE =1 4AMG=MG e
WHATF =1 thG=MGe
s 103 =1 2HG=10G
W LUBE =17HO=-HGe
o CA0E = 121G MG
s 1k =laMlh=-HG4
LG lF =] 3MGGe
WZ14F =1 G=HGe
o 1P =] AMGeHG
e A9r =] irnl=ri( e
eha“F =] dn=pue
sl =] iM=rie
U ISR I CX X
1} o His~M3e e

AIT
ALY
AIT
AIT
AIT
ALT
ALT
ALT
ALT
ALT
ALT
AIT
afT
ATT
ALT
ALT
ALT
ALT
ALY
ATT
AIT
ALET
AIT
ALT
AlT
AIT
ALT
AIT
AIT
AlT
AlT
AlT
ALT
AIT
ALT
ALT
AIT
ALT
ALT
ALT
ALT
ALT
ALY
ATT
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ALT
ALT
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360
370
380
390
400
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460
470
480
490
500
510
520
530
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550
560
570
580
590
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610
620
6530
6540
650
660
670
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120
730
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740
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Se
10,
el 16,
20,
25.
33.
“2.

11.0000
16,0000
23.5000
33.5000
42,0000
3.0000
42,7000
5.7000
6.7000
R.0000
9.5000
11,0000

A}

30000
44,7000
5.7000
6.7000
R,0000
89,5000
11.0000
S.0000
8.0000
11.0900
16,0000
23.5000n
33.5000
42,0000
3.0000
80,7000
S.7000
f.7000
R,0000
9.5000
11.0000
5.0000
R.0000
11,0000
16.0000
23.5000
33.5090
42,0000
2,0000
4,7000
S.7000
6.7000
88,0000
9,5000
11.0000
5.0000
R,00N0NA1
11.9000
14,0009
23.5000
33.5000
472.0000
1.0000
a,700n0
S.70a0
ﬁa?@OQ
R,0000

0.
00
00
«1G0E~14
«536F-14
2 322F=~14
.I3‘)E—1b
0“705‘16
e 114E-15
«265F ~15
S4KF=~15
2« G42F =15
~3. E-30
=1.5 £€-20
-5 £=30
«443 £-13
«657 F=113
¢ 941 F=-13
1.15 €-13
267F =15
W257E-14
«521F-14
«BAROE~14
«1348F=-13
«203F=-13
«272E-13
«9RRF=14
«Q07F=-14
sb4]1E=]14
«191F-14
«E2TE=15
«423E~-15
0.
«318F~-1¢
s 399F =14
+ 3683t =-1¢
+«3RAF =14
«367F=~14
t339F'14
«3126-14
0.
«HN4F=-13
«212F=13
W 108F =11
s433F-14
«1ERF=14
0]13F'1“
PRLEIES K
«135F=113
W142E-113
1437 =13
-I3QF']3
«132F-13
«173F-13
cHanF=]a
«410k=-14
e TORF =14
ELOF-14
WEQ5F =14
«319€=1a
0.
PluF =14
W ICAF =10
«0AF =14
b PEhFm]lw
h4GF=1a

12.0000
18,0000
27,0000
37.0000
44,0000
4,0000
5.,0000
6.0000
7.0000
8.,5000
10,0000
12.0000

7.

12,

18,6

20.5

2T.5

37.

46,
4,0000
S5.0000
6.0000
7.0000
H.5000

10,0000
12.0000
6,0000
9.0000
12.0000
1A,0000
27.0000
37.0000
44,0000
4,000u
5.0000
6,0000
7.0000
8.5000
106.0000
12.0000
6,0000
99,0000
12.0000
18,0000
27,0000
37.0000
44,0000
4,000U0
95,0000
66,0000
1.0000
R,5000
10,0000
12,0099
60000
9.G000
12.0004
1 0000
2l.0000
37,0900
w4 ,0000
w000
NG00y
Fadune
704300
HaS00ty
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0 306F=14
«H48E=~-14
W 929E=117
210F=-16
0629E°16
2 142E=1%
«346E=-1Y
HHHE =15
127 =14
=75 E=30
=1425E~30
Oo =30
«47 E=~13
0765 E‘13
1,02 F£=13
1.24 £-13
Wl2lE-14
o327E‘1Q
eDlBE=14
ITAE-14
J159E~13
$226F-13
0313F‘13
J121E=13
o l44F =14
.3335‘1“
e123E~14
T20F=-15
W 2HBE~]Y
Ul
03766-14
e JVAE~14
+346F~16
dRGF =14
-3"’8":'1“
e330E~-]a
W Z294E=14
«H3fE=-13
«329E~13
185k ~-13
« 199F =14
«312€=14a
sldst=la
U1AEF=16
e 1¢5¢=-13
JIARE=13
-1435‘13
01“?{'13
S137F-13
ul?"’f‘-‘l.q
o118t =11
e I61E=]4
RGCRIY S TS
eHNBE=]w
sbalt~la
02T =1u
dlhlr~la
0.
PRRLLED Y
-i7it'l“
dsUiHE =14
PR JC N N
YIS

14,0000
20,0000
30,0000
4040000
50,0000
443000
5.3000
6,3000
7.5000
9.0000
10,5000
13,0000
8.5
14,
19,25
22,
30,
“OI
50,
443000
5.3000
Ae3000
7.5%000
S.,000u
10,5000
13,0000
7.0000
10,0900
14,6000
20,0000
30.000u
40,000V
5000090
4,3009
5.,3000
As300u
7.5000
5.0000
1045000
13,0000
7.0000
10,0000
14,0000
20.0000
30,0009
40,0000
50,0000
4 e300l
be3U0Y
543000
TeSH0N
Q,00n0
10.9000
1304900
T.0800
10.0000
1naninn
Ay
N PG
4naC0NnY
Sha0u0n
443000
Se3u00
SR RIKERV
Pesiting
Wl

=le F=30HGs =
.lb?. F‘13H(30 -
529 F=13HG+ = HGes
54 F=]3MGs =
1ol E=13rGes =
1,33 F=13HGs =

Q, HO=HGe o
0, HG=HGe +

eO1TE=15HG-HG+
0434F =1 4HG=HGo »
2 103€=-13MG=HG+ o
e 743F=1T7HG=1Gs o
¢ 304F ~1 6HG=HGe o
e S22F =1 hHG=HGe
e 13TF«15HG-HG++
W 439F~19HG=HG++
e I9TF ~15M0G=HGs o
W 1H4F =1 4RG=HGo o

=24 F=30HGe ~ HGeo

s 177F=14HG+ = HGeo
s 40DE=14HGe = HiGeo
2o T1TE=14MG+ = HGeo

o117E=~13HGe = HG

+181F=13HGe = HGee

2 249F=13MrGe ~ H
035“.:-‘ IMGe = H

e 107F=13HG=-HGM

«STOF~14HG~RGIM
s 2PHF ~1 4HG-HGOM
«103F-14HG-HGM
«STIE ~15HG=HGM
s 1BHF =15 HG=-HGM
. HG-HGM
«3ATF=16MG=HGM
» 399F =1 4MG=HGM
»393F =14rHG=-HGM
¢376F=14HG-HGM
03{’HE-1“HG-HGM
¢ 321F~14HG-HGM
2 2T1BF =) aHG-HGEM
s 4B2F ~13IHG=HGM
2 260F =13HGi~HOLM
e 136F~1 iHG-HGM
«B5DF =] 4HG-HOM
eZ21F=144G-HOEM
W131F<1ar0G-HGM
e dEHF =]l an=HGM
s 130F =1 THG-HOM
1a0F =1 3MB=HGH
¢ 143IE=13HG=HGM
s l41F =) 3GariEM
e 134K =] 3HG=HOLM
W 176FE~] AHG=HOM
eller=13HG=MHGM
e #hZF =l uHG=HLR
s T1YE =lamG=miin
WP HE = ] BMisa (3
e 33F -~ 1aHG=HGR

s B4HF ] uHGaHAR
0. HGMHGER
0. Ml = MGR

edeF=fartamir
e JRAV « ] urGaq(HR

e lOF =l ariympyR
e 39k e luriaariyie
a4NLE =] artla~ a9
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3pl
KIoD)
1]
ip]
L]
3n]
3P)
P}
v
3]
R
jo)
ip]
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9.5000

11,6000

5.0000

R,0N00

11.0000

16,0600

23,5000

33.5000

42,0000

3.000n0

4,7000

S5.7000

6.7000

R,0002

Q,5550

- 11.0000
5.0000

A.0C0N

11.0000

15,0000

23.9009

33.5000

42,0000

3.90000

4,7000

5.7000

6.7000

B.0009

9,5000

11.0000

5.0000

R,000n

11.0000

14,0000

23.5u0n

33,5000

47,0000

3.0009

4,7000

S5.7000

R, 7000

R,000N

9.,5000

11,0000

| 35,0000
A,0000

11.0000
16,0000
23,5000
13.5000
a4z 0000
3.0000

64,7000

S.7000

6.7600

A, 0000

Q5009

11.0000
HaD000

R.0001

11.0000
1/ 000N
21,5000
Uy,5000
42,0000
31,0000

J4B2F=14

YYIES A
0.
0 349F~13
«106FE~12
«173€=-12
$209F=-12
W 2P3F=17
«224F =12
P 166F=~13
«437F-13
+NG4E=-13
0737F‘13
«Q01E=-13
.lﬂbF-l?.
«119F=12

«233F-17%
«5G0F-13
«110F=12
«205F =12
f 304 =12
«365F~12
«103F <13
«29HE=13
«433F=~13
575t =173
fTR2F =13
WAT4FE~13
fl1nF=12
RR2E <15
-AQI‘F“IA
G20 ~113
W 14GF-12
WPhbt 1P
«34KRF =17
sGNOF =12
W1 70F =13
sl PF=-13
F10F=13
fTTHE~1 R
LUQPF~113
«123K-12
al“‘)F‘]Z

IPPF =14
dOTRE -3
sUEIF =13
2170k =14
srharl =15
AR =14
PR LIS R
PERTY S B
101t =13
sJef =13

}e

Ol

0.

0,
722k ~1u
PRER ALY S R |
2l =13

PR AR
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10,0000 L,491F=14 1065000 L450F=14HG-HG 3P1
12,0000  L4alt=14 13,0000 L433F=14H6=-AGR 3P1
haUUOU 1, 7,0000 L132F=)3HG=-HGR 1P
9.,0000 L,H79F-113 10,0000 LHKIKF=-13MG=-HGR 1PR]
12,0000 L,130F=12 14,0000  L1A2E=12HG=-HGR 1P1
18,0000 1HAYE=]Z2 20,0000 o 19YF ~1 2HG-HGR 1P1
27.0000 L21lhF=]2 30,0000 (220F=12RG-nGR 1P1
37.0000 L,2Pak~1? 40,0000 L,224F~17HG-HGR P11
44,0000 L,2P4F=12 50,0000 L222F=17°n6G-HGR 1P1
4,00000  ,323E~13 443000 L372F-131G=-HGR 1P}
50000 L485F=13 543000 LH42F=13HG=HGR 1P1
6.0000 Lb3kE=-13 643000  L6RZ2F-13HG=-HGK 1P
7.0000 L,777€=13 745000  LB41E-13HG6-HGR 1P1
R.5000  (95TFE=13 9,0000 L101F~-]12HG=HGR 1P1
10,0000 LL11lE=12 1065000 L115F=12HG-HGR 1P1
12.0000  ,127FE=12 13.0000  L133F-12HG-HGR 1P1
6,0uN L4951t =-19 T,0000 LB65F-14HGM=-HGe 3P0
Y.0000 4 355F=13 100000  L4T7F~131GM=HG+3RQ
12.0000 L701t-13 14,0000 L,916F =1 3HGM=HG+3P0
18,8000  J130F=12 2000060 LI97KE=~12nGM=HG+3R0
27,0000 ,247k-12 3040000 L27HY =12MGM~-HG+ 3P0
37.0000  ,335E-12 40,0000 L3547 =12MGM=NGsIPO
44,0000  G376E=]¢ 500000 L40UF=]12HGBM=-HG+ 3P0
4,0000 L210E=-13 643000 L26/7F=13HGM=HG+3R(0
5.0000 L,338E=-13 He3U00 L378BF =1 3HGM=HG+3P0
6,0000  J47RE=-13 a3D00 (S18E-13MGM=-MHG+3P0
7.0000 WhH14F=113 T.5000 «6G0F =] IHGM=FIG+ 3800
HeHg0n 44 34E=13 0000 LH04F ~]13HLM=HG 3DY
10,0000 ,104¢=-12 10,5000 L111F=12HGM=HG+ 3P0
12.0000 lilE=1? 13.0000 e 143F =12HLM=HG 3P0
6H.0009 IHRE =4 7T.0000 W312F =1 3HGM=HG+ 3P
99,0000 L6%2F=13 1040000  J798F«13HGM-HG+ 3P
12.0U00  LlubsE=12 1440900 J129F~]12HOM=HGe3IP2
1840000 J164YF=-12 2040000 J1Y7F =12HGM=MHG 302
2Te00lY L2485k =12 30,0000 J316F=17HUM=-MGe3P?
37,0000 J3TlE=12 40,0000 W 390F =1 2MGM=HG ¢ 3022
44,0,00 L410F=12 5040000 (433F=17HOGM=-MG+ 3PP
4,0000  G327E=13 443000  (31HF =1 3IHGM=HGe 502
50000  L432F=13 D306 b4k =) 3HOM=HGe ID2
FaOUNN GERlLE=~14 Be 300U G IT11F=] JHEM=MGe 3P
740000 HP2FF =13 feb0NU L9l 1F =1 3IHOM=HG e IP2
HeHO00 L107E=-17 GaBuli  G11%F =12HGM=HGs 302
10,0009  J130r=17 10,4990 L1385 =12HGM=HG» 3P
12.0000 elnib=1p 13,0000 W1 T2F=12PHIaM =6 3P 2
.,0000 0, 7T.0000 0, HOMe HGe oS
340000 U, 10.0009 0, HGMe HEG+ e
12.0000 0, 1ao0uny 0, HGOMe Miiseh
1d, 0000 0, ZUa000 ehZNE =1 btaMe G4,
2l.0000 AR LS M. 0000 e $9RE ~] JHiMe MHGGe e
37,0050 JTaat-13 B0e 0 GHITE =1 $1iMe KGOS
46,0000 G l0gp=)2 Sy J12aF -] 2HisMe M40
Gty WChlb=1% Gy i) e 3YTE =19 HGMe HG4 Y
SN0y RERAT SR e 4900 G libF «]laMHGYe Hiueeh
L0000 PERTPEIES B (g )09 W6 TE=1H1GMe MO Y
TaJunu etlrr=la latidii) el 7 =1ariGlae (1o eH
MG 06 At =14 e tin Ny e Al IF =] artame pi(io a8
1940000 J1lst =14 [ RERTES IS B B L B R N TP R A
12,0000 sl =1y [N PR S e SR IXI LY R ST S
(000 0, PaCand O, PG =i 00
PL,0009 9, Tagvatn o, MHOM e =der e o}
12,0900 6, VgV ardey 0, MGMe=}bi(ia a3
1,00 00G G, Aalu Y R R TN e AT X )
AT ARV RO B EN A A | R e o TR R AL R Rl TP AP
thaunnag s fab =14 Wi g e 0y WA R FRTRT TN S PP S|
G g GV ol tat =1 g o PO 7 S e T R BN Y T PP
o) h g . Peo=1 Wy o} PR A F TR I T W WS
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4,7000

5,700n0

6.7000

A,0000

9.5000

11,0000

K,N0000

BR.0000

11,0000

16,0000

23,5000

33.%000

42,0000

3.0000

4,700

57000

6.7000

82,0000

99,5000

11,0000

5.0000

R,0000

11.0000

14,0000

23.560n

32,5001

42,0000

3.0000

44,7000

5.7000

&.7000

AR,0000

9.5000

11,0000

5.0000

28,0000

11.0000

14,0000

22,5000

33.5000

42,0000

3,0000

4,7000

S5.7000

&,7000

A,0000

49,5000

i1.0000

$.0000

Ra0000

11.0009

14,0000

23.500n

23,4000

47,0000

| 3.0000

i 47000

Re7000

E,7000

“.0000n

Q.9000

11e000n

1 1
1.
’ 014

Wb42E =15
162K =14
«318F =16
H94F =14
WI01F-13
IlI.QF"13
0.
«7RAF =13
hT0E=13
«119F-12
-21"(“12
WA1RF-] 2
e 374F =12
«119E~11
«331F-13
-h?“aF-l'i
«6P3E-13
R17E-173
«103F~-17
1748 -12
WF2BF~14
«338F=-113
W T793F =13
$173F-17
WPTGF=12
«336F=12
BARRF =14
«P01F-13
«311FE-113
W431F=-13
.FNQSF‘I:‘
TRAF=13
WHT4F-13
el74F~-13
2)10F=13
s 16F=13
137613
«Al7E-14
L h4F-]a
oHNAE =14
122F-13
$135F-13
(163613
Wlalt-113
e 14nk=13
slanf-13

s 1F4F -1y
o lANE=~13
1RG0 -1
117F=13
A BN
sttt ~1a
0l it =1a
1Guk =14
HHAE -6
PRI A A
« 10 3F "1..4
L]
1078 =14

“ 1
1.

h.2

H.0000
H, 0000
7.0009
HehHiing
10,0000
12,0000
o HONQ
1.,0000
12,0000
Ix, 0000
27,4000
37,0609
44,0000
44,0000
5.0000
6&,0000
T.0000
Roa5000
10.0000
12.0000
6,0900
G,0000
12,0000
1R, 0000
27,0000
$7.0000
40,0000
64,0000
Se0000
he 00N
r.0000
R,.H000
10,0009
12.0000
bedL GO
Y,0000
12 049000
I, 0060
21,0000
47,0000
i, Jtnn
4,0 0)0Y
S5.0001
RN A
T.000n
HoHann
1ns0uny
172.0000
6H,0000
Yt}
127.0000
1,000
2rt.nnoygy
17,0060y
H4 o Hd0D
o, tnnyg
Ly
[P N YRR
fanany
Hah0an
T angng

loraniu

Mo

Alan

72
AT I =15 943000 L116F-14HGMe=HGos3 2 i
WCUPF~14 £a3000 L 247F«lanGMe-HGee3 3 1
o377k =14 745000 o4/ /F=14HGMe=HGos 3 &
APt =14 000N JHAUF=1411GMe=Hee3 § v
slint~14 1045000 (133F~13HGMe~HGoeed 6
olihE =173 13,0000 L27lF-13H0MemHGoo3 7
PP lE=14 7.0000  L129F-13HGK=-RG+3RP] 1} 4
423173 1040000 ,5%93F=~13hGR=-HGs3P] 2 -
IHTE~13 16406006 J10LF=12HGR~HGe 3R] 3 ’
S XS Y 200000 JLATE=1Z2HER=-HG+3P1 & ! Z‘"T
250 =17 00,0000  (2hBEF ~12HGR=HG+IPL & i
sdanb =12 40,0000 36 3F~12HGR-HG+3P]l 6 f
e 3R4F =17 H0.0000 L6409 =] 2HGR=HG+ 3R] 7
o/37k~-13 443000 ,270F=-13n6ik=-HG+3P1 1}
« 373+ ~-1 He 3000 L4 l6F =] 3HOR=-HGe3P] 2
WHl19F=-13 6543000 JHA3F=~13HGR-HGe3P]1 3 4
shhAt =13 TeR000 L Ta3F =]l 3nGR-HGe3P1 4
W 890F =113 e NGD (IR I =] 3MGR-HKGe 3P § A
WAllE=12 10 eSu0g (L1 IF=12HGR~HG+ 2Pl 6
W14k =12 1440000 (150F«12H0eik=-HG+3P] 7
0. Ta0U00  J193F =] 9HOR=-HGs1PL ]
WlBlFE=13 10,6000  ,246F~13MGR=HGs]IP) 2
W435k-13 LaaCung  (629F =1 IHGR=-NGs1P] 3
e9RE =13 20,0000 Llcof ~12MGR=11G+1P] &
ST 30,0000 J261F=)2HGR=HG+IP] &
«305E=~1¢ 41,0000 s 379F =1 2HO6P-MGs 1P} 6 d
$34TE=12 50,0000 [ 37¢F~12HER=-HO+IP] 7 :
136p-13 43000 (1R ~) 3HGR=HGeLPL ] 1
«233F =113 543009 e2H5F =] IMGR-HGe 1Pl 2
e 34RF=13 603000 L 3H4PF =] IMGK-HGe 1Pl 3
fHRBE=13 ToR009 (5 3LE =] dMR=-HG+ 1Pl &
659 F=-13 D000 G7P2F~1 3HG-HGs1Pl S
JRGYE =14 10,5000 (91¢F=13nGR=-MHG+1P] 6 ;
T 1346000 Jlel¥=120u-n541Pl 7 Y
s lidnb =13 TaUUN0 W 200F =1 Shte=HGe & ] o4
W2l =13 L0.000g 227k =] dhGeHGMe & 2
W2alb-13 14,0000 (50t =1 3Hbe=HOMe 5 3 -5
190t =13 2040000 JLlbaRa] dHGe=nGMe 5 & -
Jl13F=13 I04000) G4 (F=16HbeaptiMe § 4
B i =]la DI et ldF=larie-riiitte & 8 0
2114 DU BODD LG LIRE —Larlis~HGMe & 7
Llunt =13 643900  Jllwk=14nbs=HGMe § 1 i
etk =-13 e dJUd sl SUF =1 3Me=~HOMe 5 2 i
T ] Red000  G140F=1"3nne~HeMe & 3 i
JloaF~11 Tem0nu  J1aBF=] $HGe=HOMe 5 4 j
clarr =13 Vel (kb =] 4MGeaHnMe 5§ :
Jlabr-~14 1 e¢%a99 w167k ] InGe-riGrue & 6 d
Wda4F -1 1340000 JlalF=] sHtre=rGUs 5 7
0. ToNUOO 194k =) dHGie=MHGMe 3 ) 1
SRS ] 10,5000  1nls =] IHGhe=pue 3 2 i
Sl ~1 1 lasougon oot < reGGemtige 3 3 {
M AN E I Alg il ran P Y N B T PR I L TE R N B i
RUPETI BN R N A e LI T L L TS |
Y Y wlia Ve etk alARGa=Glle 3 B 1
el =1 D e DGR Sk a4k (ieaMiaMe § ]
FESRIE IS N By 4009 et =l are=t{HNe 4 1 1
ol sttt =14 Loy 4 ey PRI e B O Ry T e e
sl =1a (ST RN R YT CR RS PR ) i
PAYRTATE IR PN [APRERY IS I el b e —tatre g 4
elitat = 4 NGRS el Utk =] fitje~Mipae 304 ;
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APPENDIX B

The computer program "PROP" is listed below. It can be used
to determine the values of the volume averaged plasma properties and
the uniformity factors needed hy the computer program "HG." The data
needed to determine these quantities is obtained from a Langmuir probe
survey of the discharge chamber in which the plasma properties are
determined at many different locations within the chamber. This data
is used to numerically evaluate Equations (10) to (15) and (21) yield-
ing the volume averaged plasma properties and the uniformity factors.
Comment cards are included in the computer program to indicate the
purpose of each section. A CDC 6400 computer will use approximately
thirty seconds of Central Processor time to evaluate five sets of data

obtained from five Langmuir probe surveys.,
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(e NeNe]

[ XeNg)

PROGRAM PRNOP (INPUTQUIRUT s TARPES=IMPYT y TAREG=QUTRUT)

THIS PROGKAM CALCULATFS THE AVFRAGE FROPFRTIES

PLS=RADTIAL POSTIIION OF LANGMUTI PROKF POINTS (1~CEMTERLINE)
PCS~POS, OF DESTRED DATA POINTS IF NR JMEe 4

POSZ2~=AXTAL FOSTITION OF |_ANGMULIR PROHF POSITIONS (1=UPSTREAM PNT,)
NT=NO, OF TRACFS PER SFT N =MOs DF HADTAL POINTS

IFLAG=] IF ONE wANTS TO PRODUCE A SFT OF ROINTS URSTREAM
IFLAG=? POIMTS PRODUCELD T THE BAFFLF

DIS=NISTANCFE FROM SCREEN TN POINT yHEKE THFE GEMERATED SET ‘IS T0
RF PLACFN

KCATH=CATHODF RANIUS

ENP= ENMGTH OF PRIMARY FLECTRON KEGION AT CENTERILINE

PRP
PRP
PRP
PRP
PRP
PRP
PRP
PRP
PRP
PRP
PRP
PRP
pRe
Pas

DIMENSTION XNP(72) e YEu(I2) e T(T0)s 201000 V(SU)s 21(21) s i(21)9 F(PPRP
12109 TF(21)e AA(S) e F(9) s CCU5) e DD(SYs FE(S)y FF (9]0 FND(11)s POPWRP
25(5) s WIlL)e POSZ(11) e YT(L1)e YP (11 YMCLL)e Y2()1) s POR(10) s AAPRP

JA(10)y VF(S])

DIMENSTON AT(TG) e AZ(70)e ANP(T0)y ANM(T0) ACLL) s (21 CUll)
111D e E(112 VI(IL) e 219(9)

DATA AAWRIIGCCINDDWEE/2520,7/

DATA POS /0,014142.203.3006,/

DATA PLS /04914924834 03,8/

INTFGRATED CPROSS SFCTIONS FOR o T0O +»

REAN (S4129) (ZT(T)F(I)el=1421)
READ (5¢126G6) (TF(T)eG(T1)al=1+21)
WRITF (£e133) (ZI(D)ar(I)al=104¢1)
WRITF (64133) (THLIY AGUI) s I=21421)
PIl=n,278327

101 PEADR (S+126) NEONT Y IFLAGYDTISeRCATHIENP
IF (FOF(S)) 124.1024102%

102 ND=NT/Nk
NA=ND
IF (IFLAGNF i) NNzMDe]
READ (54127) (POSZ(L1)sT=1eND)

RADTAL DISTANCE TO CwITICAL FIELD LINE
READ (Se127) (END(I)elz1loNN)
REAN IN THE PROPERTIES

DC 103 T=1eNT
103 READ (S+130) T(I)aZ(I)eXNR(T) e XNM(])
IF (NR,tO0,6) 6O TU 104
[S=0
DO 106 F=21eNTaMR
AND=TeNR-
DO 104 J=TeNND
K= jel~T
YTixy=T{())
YR (K} 2XNP(.))
YMUIK) s XNP (L))
104 Y2(x)=2(.))
NO 108 Jz)ya
[ IR Y
CALL ATTReN (P S rT ol ig 1205 (AT (L))
CALL ATTPEN (BL SeYDab s LarOS ) o AL (1))
CALE ATTREN (L et wlacalaron (ol e A (| )
104 CALL AMTTREMN (PLSeT 20 inal o US() eAZ (1))
10K 121594
NT=NT®4a/niR
MO NT /4

PRP

DPRP

pRP
PRP
PKP
PRP
PRP
PRP
PRP
PRP
pRP
PRP
PRP
PRP
PRP
PrP
PRP
PRP
PRE
PP
PRP
PP
PRP
PrP
PRP
PRP
PP
PrP
PRP
PRP
PRre
PrpP
PrP
pPRrRe
PHP
Plep
PP
2P
26
Hwp
PP
ep
piend
bore s
D,
bt 82
brivp
$Fhrend

300
310
320
350
340
350
360
370
3k0
390
400
410
w20
430
440
450
460
470
4R
490
500
510
50
5130
540
550
HEQ
“ 10
LK)
390
500
610
Hheo
610
SR N
Ha

NP .

M
P P T
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109

DC 107 g=1NT
Tt =aT ()
7(JdY=A20.0)
XND () 2ANP (L))
XNM(J) 2 pra( 1)
AR ITE (£ e130) (T(MY /2 (Mi o XM (N) o XNM (M) yN=1oNT)
IF (ITFLAGLFG.0) 60 To 114

CALCHLATION OF THE EXTRA St T OF POINTS

N=1
D0 110 =144
L=0
no 109 J=T+NTe4
L=l o1
YT{L)=T ()
YR L) =XNP ()
YM L) 2xNM{J)
Y2 =2(N
K=aNTeT
CALL ATTREN (POSZyYTebDGNeDISeAT(K))
K=NTeT
CaLL. ATTRFEN (POSZyYTertDeNeDISHAT(K))
CALL ATTRKFN (POSZeYZ2aNi)oaNsDISeAZ(K))
CALL AITrFN (POSZeYP b DWeNaDISyANP(K) )
CALL ATTREN (POSZev et DeNIDISesANM(K))
IF (AT(X) (LT404) aT(K)=0,0
IF (AZ(%) LTs04) AZ(R)=0,0
TE (ANO (k) LT 0,4) ANP(#)20,0
TE (pMMUR) oL Te0,) AR 204U
ARTTE (Ae128) AT(K)euaZ i ) o ANP(X ) s ANM(K)
CONTINUE

RESHUFFI TNG OF POINTS

NOD=ND e

NAN=MND =]

Xe=zfND(MD)

NG 111 T=1aNMNN
JrNDel =1
FAD Y =k 5D g=1)

PCSZ(JY=ves2(J-1)

EMND (1) =xx

P(S7(ly=n1s

NT=NT ¢4

NRzNT/4

NC 112 1=8«NT
Kz=NTe6~1
J=K=46
T(X)=T(J)
2(kY¥=2(J)

XLP (k) 2XNP(J)
XAM (X )=xN M ( 3)
NTM=NT =]

NG 1173 T=NTHMWNT
JI=A T
Tegy=Aat(1)

YA EN PER D]

APy AL ()
XAM () =AM

STALT o Drp CALCHE AT TN
[REDTE UV S S BT A

AN R RRD
v et

HuWhe
[SA24 %
Piep
Piep
P
PR
PP
Frp
P
PRP
PP
PRP
PRP
PRP
PRP
PrP
PRP
PrP
PP
Pt
PP
PRP
Pre
PrpP
PRP
pRp
pPrP
PHP
PP
FRP
DpP
PP
pPrP
Plep
Piep
PRP
PRP
P2
i
P
Phi
PP
Prp
PRE
PrEO
Prp
PRp
Prp
PR
b
P yp
(S
Brep
TR
bpe )
e
P
[SIPrS
b+ oben)
ol

Lo

P

e

1

6HHU
~NT10O
HK()
6H90
100
119
1720
130
140
1590
760
770
7180
790
ROQ
H10
820
430
Bal
B0
K&
850
360
87vu
HKEO
8460
900
910
420
130
94
960
RIAY
RNAT]
R
990
G400

1319

1
1
1

v
0140
)l

100

1
1
1
1
1
i
1
1
1
1
1
1
1
1
1
1

] -

1
i
|
1
1

JYAO
07190
240
[V X0
100
110
120
130
140
1-4
166
1 1Q
1o
1o
YAt
/]‘l

j

ik -t

4

Ky

oAl s

e AL
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D OO

117

118

119

1720

1721

127

1°2

A L A

76

fim

THIS BRODUCES AN AftevAY OF F(i7) AT CONSTANT 2 PNINTS

No 117 Jst ek
ZE=NEI IR |
R=pPOC(m) 2R ]
CALL ATHrEN (THane2lelel ()0 ])
CALL ATTWEN (Z1eFa2le”70l(J)aFT)
XT=XMNb(J) s Xt ()
TF (XM ) kb0 00) 60 TO 11Y
TEEM] e XMP () /X8 (L))
GO T 116
TEtonsl o0
VE ) =TT T () 24,00 3E90 TERM)
AP (V) ZIND () XTRF [8R
fbege gray = X1 9R
CO () 2XTHEaXNP ()
NS IERIEIWIES A AR KA
FroamMY=INM{g) 2R TeR

FE (M) =12

INTEGRATTIOM OF F fIELOQING G(Z2)

(VXY

NU4=TYy

CALL TNT (EOSeAA s Ay iMaZ e END(T) o H)
A(T)Yaon

IF (IHiAG A ale0alvib o) 60 TO 118
Call InTir (POSepde 2 ieCATHIMMY
ACTY=sa () —nn

CALL INTw (B0SeftagvaniMy2arND(T) oH)
Bl =i

TF (IFLAGNF ol G, ToNnF L) 60 T0 11y
CALL T (FONehicame My 2o CATHAHM)
R(T )= (]) =¥

CALL 12T (005600 a3t e 2o b DT ) oK)
Ctlry=n

TE (IFE AN e L G5 o) a0 T 120
CALL TATh (D0SeCCeatite 29 kCATHI M)
CLIYy=0(1) ~-r¥

CALL TRTRD (FoNeb g gl e 20BN (T) otd)
DY =m

IF (Rl Pacbbalat?al itk a1l G0 Ty 121
CALL TATie (wOSeitize el e 2 9icC AT oM
D) =01y =rim

CALL TaTR (B0 e ¥ g Metyiy et (L) at)
F(l)Y=H

TF LR Singm b sl v Dot g1) 00 Ty 122
CALL ThTl (0O0NS e b e vetita 2 dTrogry)
Egly=b () =rtne

CALE TN TW (Db aMeva el N () oM
VT (L) v

TF (TF 2, ataelarer o 1) G T 123
CAl 1T (G F et St CA Ty
VIOTY vl ) ~ a4

contpran

TRTe it [ 0 plvr oo

VR

CAL T S e A eyet o)

tAL AT Tw:t ' Tay et o ab e AN
O S I S S SRRV IT SR A
STRDE LY

A P Jaec e et

T R : s et ol

'
Loy

Fien
Paf?
PP
PRP
PRP
Fiep
PRP
PRP
RO
PP
PP
Py
pRp
PP
Plep
P
PrP
Piep
pRP
PP
PrP
PRP
Pred el
PP
Pri
Pl
Prp?
Prp
PrpP
M
prb
PP
brgetd
ST
PRp
s
[SYoT8)
e D
g
bRy
frsepd
e
P
pre
priep
12092
frie
brteyp
[SFere)
prep
o0
P
trpesd
Bibey)d
(SR T
B i
[ AP
1 e
Ll
1,01
TR

e

1 400
1310
1420
1430
1340
13%0
1460
1370
1340
1390
1400
1410
1420
1430
1440
1450
1460
lal0
1480
14490
1500
1510
120
1930
1940
15%0
1-60
1270
1580
1990
1600
15140
1670
1630
14940
164590
1h6Y
1670V
1680
1599
1700
1710
1770
1730
1740
1740
1760
1770
1720
17490
14000
1o
Y420
JRAIENY]
shl
RWAR

1
1
i
|
] rten
1
1
t
i

i
Vo
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(e e Nl

[aNeRe)

124
125

126
127
128
129
130
111

132
133
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CALEL ALITKFR (2052eVeMD el o) ghyikK)

O =O0R~=RRK

CALE QTFG (RPOSN/Z9CaVelD)

CALL ATTKREN (POSZaVaetDalebtNRYIC)

CALL AJTFEM (POSZeVetDe2e0,040RC)

AC=QC=KC

CALL QTFG (HNS7eDe Ve ll)

CALL ATTFREN (FPCSZ2eVatiDe29ENP QD)

CALL ATTKREN (FOS7aVeNDeZe0,0eRD)

ae=00=R0

CALL QTFG (M0OS7eFeVaeND)

CALL. ATTRFEN (POSZeVebDelZoENPHQF)

CALL ATTKFN (POSZeVeMDel U ,,0eRE)

GE=QF =RE

CALL QTFG (PNSZaVvTeVeND)

CALL ATTREM (POSZ2eVanNaZeEMPQVT)
CALL ATTKREN (RPOSZ2aVeMiDeZa0,04RYT)
QVI=QVT=RYT

CALCHLATION nF PROPERTIES

F21=0A/0C

GTEz0D/0F

ANE=QR/ZQOVT

ARP=QC/OR

AMZQF /0R

QA=QC/QF
XE=QOQRT((AP2A" b ) /(Y14 /70))
AV=CRRT((AY ALF)/Z (1l e40))
XNF=XPaxm

CALL ATITEEM toasTFaZ2lalsulE s TFS)
CALL ATTREN (FeZ2T921010F21021[S)
W2 XE /XM

wRITF (Ral 33 GACOReCaIN K
AR TTE (Ral3)1) (24 XMy TESYZIS
ARTTE (Fe137) XNFQVT
VEA=SQGRT(TF 06, %D3F G (],4k))

FIND NOMUNTFOMTITY FACTORS

CALL APFA (XMP G XNMyXNE s POSsPOSZyNDe<CATHyVE I VEA)
IF (IFLAG.FO,.0) 60 TO 124

NT=NT=~4

MD=NTZ4

CCNTINUF

60 TN 101

STOoP

FORMAT (31944F10,4)

Fouual (RF10,K)

FORMAT (10Ye?2F10,0642F 1N, 1)

FORMAT (R(F10,ae¥10,43)420K)

FORMAT (10242F 10,642+ 1N0,2)

FORMAT (224 1R ((M=3) seftleaedxy L1HMM (CM=3) =4t 11 ,493Xa

1R/AN%29F 10,4003 a0 RBul (Fv) =zeF1Cebe3Xe Tarw /]y FNGIFY)ZeF1044)

FOrMAT (100e L Bbr 0T, (BNemol Ll ametiXs
FORMAT (/=(rll.0472))

grv T (CMI)=eFlQ.u/)

fFAD
SURROUTINF [T (X aY el INat SN INT o REry Y

Trlq ST o
INTFOKAL AT X

INTE G ATE S Y (X)) ARl THEYy FINGS TeE yALUE OF Trt

DIMERNSTON XA TN) e YN e ACLO e s e Ol

PrP
gl
pRP
PP
PP
PR
PP
pRp
PRP
pPRP
PRP
PRP
RRP
ppRn
Frepd
PRP
PRP
PRP
PP
PRP
pPRP
PP
PRrpP
PP
PP
PRrRP
PP
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PP
PP
pRp
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PP
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Plew
Fiep
I-iep
heds
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1960
1970
1980
1990
2000
2010
2070
2030
2040
2950
2060
2070
7080
20490
2100
2110
2120
2130
2140
21%49
2160
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2200
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22720
27230
2240
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2210
e da!]
22Uy
7300
7310
2320
2330
234640
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2 3h0
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2400
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e
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CALL KTNTHID (XaYahoeMHoeNIP oNUSEDINT) NTG Ty ﬁ
CALL GTHG (At Centnfn) NTG 0
CAL L ALTrREN (AsCoatslst o kN TeXtryYi*) NTG 90
kb TURN NTG 100 K 1
N T 110
END NTG 120
SUARNUTINE ARFA (XM XN KHEE 9D TH DT o NL Mo sVl VEA) APA 10
I AKA 70 , "
r THIN SULRGUTTIHE CALCUL ATES THE PLASMA HONUNTEOUMITY FACTORS AteA 30 k
o ERY-POIETS (7) GEFTF [N Du Moy F IR | INE (Fieam SCREFN GRrID) Ak A 40
¢ BrilaBOTLTS () DEF LIING A Tay FTEELD LINE (FrenM CRaThr L INE) ARA 40 j
c NERE NGO, OF Pl aAeY FIrC0 | INE POINTS ARA 50
C TFi 621l TF LOSSES Al ALLOWEN TO et CAThROLE POLE PIFCE Ava 70
C CI- DISTANCE TO HARFLE FROP SCHERN ARA RO
C C2U~POINT WiESE PRIMANY FIFLD LINE INMTFRSECTS CATHODE POLE PIFCE AkA 90 A
| C (1F IFLAG=1) ARA 100 )
o AteA 110 1
DIMENSTON DTRIS) . DIY (1900 ATL(L11) e XIPE11Ye XT3¢10)e X14(l1)s PRRAKA 1P0 ,
1010)e BRY(10)s 2(H)e 2(a)s AMP(SY) e XNM(H1) e w(b)e VE{9]1)e VI(5)e VARA 130
PELEI) ) WES (YD) e vEs(11) e VEGLLL) ApA 140 ™
kb AL T1a12 Ak A 150 '
NFLAG=0 ARA 1RO
MELAGED ARA L TO
REAN (Se107) NPRF I AGe:1eC2U ARA 110 1 »
c2nh=nl APA 140
WEAD (S9111) (R (TYeRRY (1) s lzlaNpiE) AA 200
M zNL N2 G AKA P10
c ARA 220
s RE TN CALCUL ATTONS ARA 230
¢ SELFFLFE ML DENSTTIES TWT0 CORRECT ARRAYS AlkA 240
¢ ARA  PSU 1
N3 1ol [=1s0Paa AlA 2RO }
J=1e1 AA 210 1
k=le7 AiRA It ’.
t =143 AKA 2490
usl/ae] AKA 30y
viElerave (D) AkA 310
VE (VY =V () AA 370 1
Ve O VR (X)) A a 540 rq
VE G (M) =VF (L) AwA 340
YT2 (1) 2 KNP () ¢ XNM(L)) ARA 350
XT3 () 2XARD (%) e RIA () AwA 360
Lo (M) s KR (L) e XN (L) AA 370 1
101 X1l (M)zeNe () aXNM(]) A A 3P0 (
¢ A A 199
c wi- I TE OUT ThFSF ARKRAYS Al A 400 ‘
¢ Atch w10 ;
SHTTE (Fa110) (XT1CT) af=1elIN) AvA 6iU |
WOl TE (F el 10 (XTP (1) el 21 aMtN) Axp a0
weTTF (hel 10 (XTACT)af=tariN) ACA 44l |
PETTE (Fa110) (CTatl) el 21 etilN) AN a4y
Al=0, ARA a0 ;
DY -CRY (N RF) /00, AwA alQ :
At =0 o freh w14
Ak =0, L A w490
Y/ 0Yrs2, A A BTN
¢ AA ot
TP KU R I S YA S IRV O ON B KA S PN B SRR N Ac )
0 IR T SR N R L) S O IR KA AA
( AA O
[N R PR O A A A sl
1 (IR AP oS, AA Y ‘
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CALL ATTEEN (PRY s PR oNERF gLy 1P y)P)
CALL ATTREM (PRY §PRIFYNPIE 31 a YMyNM)
DX2NE=NM

N=1

IF (1.GT,72%) N=}

CALL ATTKEN (DTYaXI1oMLNsMNeYZaP (1))
CALL AITRFAN (DTYSXIP2aNLNINIYZ 3P (2))
CALL ATTREN (DTYsXI3aRLNINoYZ9P (3))
CALL AITREN (DTYsXTasMLNINIYZ P (%))
CALL CrFCK (Py4aoMFLAG)

J=4

P(5)=P(4) /5,

CALL ATTKFN (DTYWVELoNLNeNaYZsV (1))
CALL ATTREN (DTYWVE2INLMINGYZsV(2))
CALL ATTrFt (OTYaVEIWMLNINIYZyV(3))
CALL AITKFN (DTYsVEGINLNINIYZ sV (4))

CALL CHECK (VeboMFLAG)
VIS =V (4) /5,

CALL AITKRFN (DTRAPyJsNeYP 4 XNE)
CALLL AITREN (DTReVeJeMyXPyVEE)
YZ=Y/+NY

ARZARSSORT(NXSR2 DY RS ) 86, 28324 XP

AZ2A7+SORT(DX®B24N1YR82) 86 2RIZ4XPEXNF #2204 VEFR
102 ANZANSSCRT (NXRW2eNY#2) 8 PHIPCXPEXNERYEE

SECTION FOR GRIDS

P13 =R,2R32eNTR(1)2XT]1(NLN)
RU2)26,PR32eNTR(2)#X17 (NLN)
PU3)=0h,2R3220DTR(I) XT3 (NI N)
P(a)=6,7R0322nTH(G)*XT4 (N N)
CALL CHFCK (Py4oNFLAG)
P(8)y=20,

VIIYy=VE] (NLN)

VI2)=VEZ (NILN)

V{3)=VFI(N(N)

VI4)=VE4 (MLN)

V(s)y=0,

DC 103 k=148
ACIx)svIk) 2P (K}

CALL GTFG (DTROeZ4%)

wHITE (Re)08) 2(S)

11=272(%)

ANZANS7(R)

DO 104 JK=2,48
QUIK)=QUIK) 2P (IK) /7 (€ 213220 TR(IK) )
CALL QTFG (DTReN4Z245)
12=2(5)

AZ=A2+472(%K)

2(5)=7(%)e2,2428

*RITE (Fel10H) 2(5)
AR=AQe3,1415G620TH () »a2
0(5)=0,

SECTION FOR RAFFLE

h:l

CALL ATTREM (DTY XTIl oML NaNeDToR (1)
CALL ATTPEN (DTYSXT2 0N HetiaN] 413 ()
CALL ATTxEN (DTYa T 34N oMol o0 ( 3)
CALL ATTREN (OTY4ATa st NeMoD[ o0 (a)
CALIL, CHECK (Wadatbl A)

CALL ATTwiEN (OTYevE Lot ieta0lov (]
CALL ATTRFN (OTYavk 2ot dalve ST oy (#)
CALL ATTREM (0TYavk 20 e veDlav(dy
CALL ATTWEr (CTYovEaat i fatiedT ey ()
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AiRA
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ARA
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ARA
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AxA
ARA
ARA
Ak A
A A
AWA

H1 0
610
620
~30
LYY
a%0
h60
670
680
690
700
710
120
730
740
750
760
176
TR0
790
800
810
820
430
840
850
460
870
610
890
900
910
9720
Y3J
Y40
P
940
970
980
‘)QC
10090
1010
10720
1030
1040
1090
1060
1070
1unro
1090
1100
it1o0
1120
1130
11a0
1150
1160
1170
11n0
1140
LEVEY]
1710
1o00
12710
144G
1250
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CALL CHFCK (Ve4sMFLAG)
Q(1)=6,P2R222nNTR(1)*P(1)ev (1)
QU2)=6,PRIzeNTW ()RR (2) 2V (2)
G(3)=6,PRIP*NTRIZ) ()Y (]3)
Q()26,P2RIZ*NTRI4)I PP (&)Y (4)
CALL OTFG (NTRsNe7 %)

CALL AITREN (NTRyZsHeleR0EC)

DC 105 1J=1+4
AT =Q(TN *P(TJ)
CatL GTFG (NTRWQe745H)

CALL AITKEN

(NTRy 215951 eRHED)

AR=AR+3, 14100082

ANZANSEC
AZ=A7 +FD

IF (IFLACWNEL1) GO 0O 10A

CATRODE POLE

CALL ATTKEN
CALL AITKEN
CALL AITKEN
CALL AITKEN

PIECEH SECTION

(NTYeXTLaNMLNINSCZUSP(]))
(OTY s £ T e NLNeNSCZUWF(2))
(DTY s XT3sNENGNSC2ZUSP(3))
(DTY:XTaa N NeNeCZUsP(4))

Catt, CHFECK (PeasNFLAG)

P(5)=Pa)/sh,
CaLL ALTKEN
CALL ATTKEN
CALL AITKFM
CALL AlTKFN
CALL AITKEN

(DTRePs“eNeNHeXN])

(DTYsVEL oNLINeNeCZUsV (1))
(DTYsVE?2eNILNeNnoeC2UsV(2))
(NTYoeVE JaNLNeNYCZUIV(3))
(DTYsVE4oNLNINeCZUsV (4))

CALL CHFCK (Ves osMFLAG)

VI(S)=V{a) /5,
CALL ATTKFN
CALL AITKFMN
CALIL AITxkFN
CALL ATMTKEN
CaLlL ATTKEN

MNTRsVehaNeR e VYNL)

(DTY 9 XTI eNLNONGCZODWP (1))
(DTY S K] P2 oNLNeNeCLDWP (2))
(DTYaXT $aNLHeNsCZ0?(3))
(OTYoXTaoNI_NeNeCZDoP (&) )

CAaLlL CHECX (PsbhoNFILAG)

P(5)=P(4) /5,
CaLL AITkFEN
CALL ATTkFN
CALL AITKEN
CaLL ATTKEN
CALL ATITKFN

(DTRaP S aNa e XN2)

(OTYSVF L eNLNaNIC7DaV () ))
(OTYaVE2sNI NaNeCZDsV (2))
(UTY oVt JaNLNaNsCZD0V (3))
(DTY o VEGeNLNeNsCZDoV (%))

CALL CHFCK (Veh oMFIAG)

VS)=V(6) /5,
CALL AITwEN
XL=CZU-C70

(DTReVeL aNeReVNZ)

AR=AReX| 8/ ,P7R32®R
Xh=(XN]sXN2) /2,

VM2 (VN]1eVN2) /2.

ANZANGA 2330~ 0 X1 BXNBYN
A7=2A740 JPRIPewD DXNRRSAVY

wRITE QyT wESH TS

wEITE (he113) AR
whITF (fRell2) AN
wWeITE (fella) A7
Fl=AGOYNE S ZAV 2k A
FrapaRaxrfFfrons/aloyep
HER=2,92R0 ]2/ (T]OXMNEE)

WETTE (Fa]]c
wrlTE (ko]

VRl eF P ek
tFLAG

BLITE (66109 Mrf AG

mE TN

ARA
ARA
ARA
AlKA
AlA
ARA
ARA
AkA
ARA
ARA
ARA
ARA
AFA
AR,
Ara
ARA
ARA
ARA
AkA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
apA
ARKA
AA
ARRA
ARA
ARA
ARA
ARA
ArRA
ARA
ARkA
ARA
ARA
ARA
ARA
A4
ARA
ARA
AkA
ArA

ARA
AA
ARRA
AkA
Arc A
AwRA
AR A
AA
Al
QA
ARA
a2
AA
AwA
A
AV A
Awa
Aicl
AicA

1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
142720
1430
1440
14590
1460
1470
1480
1490
1500
1510
1520
1530
1540
15540
1560
1570
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1590
1600
1610
16720
1630
1640
1650
1660
1670
1640
1690
1700
1710
1720
1730
1740
1750
1760
17740
1740
1740
1400
181G
11406
143C
1440
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116G
1476
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1
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107 FowdrT (21564F10,4)
10K FCRMAT (2Xe el (Cu=l)z=ot1],4) AFA 1930
100 FOCRWAT (PXs 4OKNEGATIVE VELOCITY EXTRAPDLATION OCCURREN IS, TH  TAlkA 1940

ARA 1920

1TMifs) ARA 1990
110 FORMAT (10X4R(F10,3424)) ARA 196/Q
111 FORMAT (HF10,A) ARA 1970
112 FORMAT (3% 1 3HAN (CM2/0m3) LaF 1l .6) ARA 19R0
113 FCRMAT (Axy  wHaR (CM2)=aE 1] ,4) ARA 1990
114 FGRVMAT (3Xxe ] 3HAZ (CME/CMn)=eF 11 ,4) ARA 2000 .
115 FCRYAT (PX. IMF =0k 1o, xy IHFZ2=3F10,442x, 13HT+e/16 FACTO=,F10AKA 2010
lo4) ARy 2020
116 FCRMAT (2X+ 3SHNFGATIVE FELSITY ExTrRAROLATION OCCURRED 19, AH TaRA 2030 i
1IMvER) ARA 2040
ArRA 2050
[’ ARA 2060 ‘
SUHMEOLTIME CHECK (RoaNoNFLAG) CK 10
DIMENSTOM £ (N) CK 20
2C 101 I=1eiv CK 39
TF (B(T) ek ,0,0) GO T 101 CcK 40
PUTY=0,0 Cx 50
AFLAG=NFL AGe] CK 60
101 CONTINUF CK 7¢C
HETLPN CK &0
CK 90
END CK 100

L e e e



